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That a relationship exists between the anterior pituitary body and 
carbohydrate metabolism is now certain, but the nature of the participa- 
tion of the anterior pituitary in this phase of metabolism is still un- 
known. The study of this relationship has been complicated by several 
factors, especially by the complex inter-relations of the anterior pitui- 
tary with other organs of internal secretion and with the metabolism, not 
only of carbohydrate, but also of water, protein and fat. In addition, 
because of the apparently close chemical relationships between the 
active principles of the different factors in the anterior pituitary, an 
almost infinite variety of preparations can be obtained from the gland; 
and in very few instances of the use of anterior pituitary preparations, 
have they been described adequately either as to method of preparation 
or as to content of known hormones. Finally, marked species differ- 
ences have been found to exist in response to hypophysectomy and to 
anterior lobe therapy. All of these factors have contributed to the 
obscurity of the pituitary-carbohydrate relationship and must be kept 
in mind in interpretation of the findings which have been presented on 
this subject. 

As a result of the known fact of high incidence of diabetes in acro- 
megaly, some relationship between the hypophysis and carbohydrate 
metabolism was guessed at many years ago. Borchard, in 1908 (26) 
and Cushing and co-workers in 1911 and later (61), worked on the prob- 
lem to some extent, ascribing their results, however, to the influence of 
the posterior lobe. Some of their work was borne out by the later find- 


1 Aided by the Presnell Fund for the study of the metabolic relations of the 
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ing, repeatedly confirmed, that posterior pituitary preparations are 
definitely hyperglycemic. This fact is of some importance in interpre- 
tation of results in work with anterior lobe preparations, because of 
possible contamination of these with posterior lobe products. 

The recent revival of interest in the subject and the shift of attention 
to the anterior pituitary was due mainly to Prof. B. A. Houssay of 
Buenos Aires and his students who, in 1924 began to publish a long 
series of papers dealing with various phases of the anterior pituitary- 
carbohydrate relationship.2, Published in European journals for the 
most part in the form only of short notes without details, those papers 
were given little general attention for some years, until, beginning in 
1933, scattered confirmatory reports began to appear. In the large 
volume of work on the subject which has subsequently appeared, most, 
if not all of their findings have been well substantiated. 

To Houssay and his co-workers goes the credit for two major dis- 
coveries in this field: the great hypersensitivity to insulin of hypophy- 
sectomized animals (1924), and the amelioration of pancreatic diabetes 
by hypophysectomy and long survival of animals so doubly operated 
(1929); they have also studied most extensively the production of 
diabetes-like states in animals treated for a few days with anterior 
pituitary preparations. Since these three discoveries have been the 
basis of most recent work and still constitute major divisions of the 
field, they will be discussed in order. 

1. Hypersensitivity to insulin. The fact that hypophysectomized 
animals respond to about one-tenth the dose of insulin required to act 
in normal animals, has been confirmed repeatedly on dogs, cats, rats, 
rabbits, guinea pigs, monkeys and toads (13, 36, 40, 45, 46, 57, 60, 
65, 90, 96, 99, 101, 111, 120, 123, 124, 127, 137, 140). A special char- 
acteristic of insulin action in these animals is the great duration of the 
effects and the repeated convulsive seizures which result. However, 
‘ neither the severity nor duration of insulin reaction in the absence of 
the hypophysis has yet been explained. 

That the hypersensitivity to insulin of hypophysectomized animals 
is due to the absence of the anterior !obe is generally assumed, although 
there is some evidence connecting the phenomenon with the posterior 
lobe as well as with certain hypothalamic centers (36, 48, 94). In the 
absence of the thyroid, hypersensitivity to insulin also appears (32, 33, 


2 For a complete review and bibliography of the work of the Houssay school, 
the reader is referred to the Dunham Lectures of Professor Houssay, published in 
the New England Journal of Medicine, vol. 214: 1936. 


ANTERIOR PITUITARY AND CARBOHYDRATE METABOLISM 3 


* 44,49, 87), but it is developed more slowly and is usually less pronounced 
after thyroidectomy than after hypophysectomy; so it is probably not _ 
due to atrophy of the thyroid in the latter condition. . 

The removal of the adrenal medullae or of the whole glands* also 
brings about insulin hypersensitivity, presumably because of lack of 
epinephrine activity in the reaction phase (13, 31, 106, 113). This 
phenomenon is of special interest because of peculiarities in the action 
of epinephrine which have been found in hypophysectomized animals. 
The adrenal medullae appear normal after hypophysectomy, and 
epinephrine is present and secreted in apparently normal quantities in 
this condition (44, 91); but that subcutaneous epinephrine is less 
effective in raising blood sugar has been reported in several different 
species (11, 12, 37, 45, 57, 71, 99, 101, 124, 137). Since this decreased 
effect of the medullary secretion is said to occur even in the presence of 
adequate liver glycogen stores in some cases (37, 44, 45), it has been 
considered that hypophysectomy alters the responsiveness of the glyco- 
genolytic mechanism to epinephrine, and so brings about insulin hyper- 
sensitivity by decreased compensatory glycogenolysis. 

However, the true abnormality in the hyperglycemic action of epi- 
nephrine after hypophysectomy is not known. Besides the lower blood 
sugar rise, smaller changes in blood lactate (37, 120) and inorganic 
phosphate (37) occur in hypophysectomized animals than in normal, 
so that the diminished blood sugar rise after epinephrine may be due in 
part to decreased glycogenolysis in muscle. In addition, another 
explanation of the general decrease in the action of epinephrine after 
hypophysectomy is possible; absorption of the epinephrine from the 
subcutaneous tissues may be less than normal. In fasted hypophysec- 
tomized dogs, Braier (28), in Houssay’s laboratory, found virtually 
no difference from the normal in the rise in blood sugar produced 
by epinephrine given intravenously. In our own work (Russell and 

Cori, 170), the effects of epinephrine on the blood sugar, muscle 
glycogen, and glucose tolerance curves of anesthetized hypophysecto- 
mized rats were found to be somewhat diminished when the epinephrine 
was given subcutaneously, but they were identical with those in the 


’ Zucker and Berg have reported recently that in dogs, if proper experimental 
precautions are observed, demedullation alone does not greatly affect recovery 
from insulin hypoglycemia, but that complete adrenalectomy may delay this 
process consicerably (173). If this be true, the hypersensitivity to insulin of 


hypophysectomized animals cannot be considered due to lack of response to 
| epinephrine. 
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normal when the epinephrine was given in a slow intravenous infusion. 
A comparison of the effects of intravenous and of subcutaneous ad- 
ministration of epinephrine has not been performed in other species of 
completely hypophysectomized animals;* but certainly a final inter- 
pretation of the decreased activity of epinephrine in the absence of the 
hypophysis is not possible until the extent to which the subcutaneous 
absorption rate is a factor has been determined. 

It has been observed by Cope and Marks and also in Houssay’s 
laboratory that administration of anterior pituitary extracts besides 
diminishing insulin sensitivity, exaggerates the hyperglycemic effects 
of epinephrine (44, 72, 73). This action of the extracts has been at- 
tributed to the induction of increased sensitivity of the liver glycogen 
toward glycogenolytic agents; but it should be recalled that the usual 
hyperglycemic effect of the adrenal secretion is due not alone to its 
effect on the liver but also to its effect on muscle metabolism, and hence 
that the action of anterior pituitary on epinephrine activity may be 
through another mechanism than that of liver glycogenolysis. The 
recent findings of Marks (121) that anterior pituitary extracts affect 
insulin sensitivity in eviscerated cats, as judged by muscle glycogen 
deposition, lends support to the view that anterior lobe extracts may 
have an extra-hepatic action; but other evidence of the locus of 
action of anterior pituitary on either epinephrine or insulin activity has 
not been adduced. 

The theory described above that the anterior pituitary primarily 
influences the sensitivity of the liver to glycogenolytic agents and 
through this mechanism affects insulin sensitivity then rests principally 
on these findings: the similar insulin sensitivity of hypophysectomized 
animals to that of those without adrenal medullae, the apparent de- 
crease in glycogenolytic action of epinephrine after hypophysectomy, 
and the effects of anterior pituitary in increasing the hyperglycemic 
effects of epinephrine in normal animals. In view of the reservations 
described above which must be made in consideration of the action of 
epinephrine, this theory of the action of the anterior pituitary cannot 
be considered established. 

Besides the idea that insulin hypersensitivity in hypophysectomized 
animals may be due to decreased sensitivity of liver glycogen to epineph- 
rine, the theory is also held that the failure of these animals to recover 
from insulin action may be due to decreased new formation of carbo- 
hydrate. Direct evidence for this abnormality in connection with 


4 Fluch, Greiner and Loewi reported diminished glycogenolysis in the perfused 
livers of frogs from which the pars posterior (?) only was removed (56). 
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insulin action is lacking, the idea being a convenient extension from 
work reported in other phases of the pituitary-carbohydrate relation- 
ship, to be discussed later. Anterior lobe therapy in hypophysecto- 
mized animals (in some species at least), does remove their hyper- 
sensitivity to insulin (17, 44, 92, 94, 111, 121, 152) and injections of 
anterior pituitary in normal animals decrease the normal reaction to 
insulin. If it is later established that the anterior pituitary does 
influence gluconeogenesis, then this explanation of insulin hypersen- 
sitivity in hypophysectomized animals will be a possible one. 

In summary, it may be said that the remarkable hypersensitivity of 
hypophysectomized animals to insulin is still unexplained; for while it 
may be due in part to altered epinephrine action or to decreased gluco- 
neogenesis, neither hypothesis is proved. In fact, on the basis of 
present evidence, the action of the anterior pituitary with regard to 
insulin sensitivity may as well be considered a peripheral one as one 
concerned primarily with hepatic function. 

2. Pancreatic diabetes after hypophysectomy. Of all the strange 
findings which relate the pituitary to carbohydrate metabolism, the 
one which has created the most discussion has been the so-called Houssay 
phenomenon—the ameliorating effect of hypophysectomy on pancreatic 
diabetes. As far as is known, this finding has been universally con- 
firmed, reports having appeared by at least twelve different groups of 
workers describing the effects of the double operation on dogs, cats, 
rats, monkeys, toads and dogfish (14, 39, 42, 70, 79, 96, 97, 102, 110, 
114, 119, 126, 142, 144, 146, 147). The essential findings in the 
“‘Houssay”’ animals may be summarized as follows: 

1. Blood glucose levels are normal or only moderately high and glucose 
excretion is much less than in simply depancreatized animals. 

2. There is almost complete absence of ketonuria (70, 110, 132, 147). 

3. Survival of these animals is much prolonged as compared to that 
of completely depancreatized animals, possibly because of the absence 
of ketosis. 

4. Glucose tolerance curves may be nearly normal (14, 22, 110, 148), 
or more diabetic (110, 148). In any case there is disposal of considera- 


5 Recently, after careful studies, Chambers et al. (157) and Lichtman (163) 
have concluded that the glucose tolerance of Houssay dogs is quite low, although 
they found also some retention of fed glucose, and small increases in the respira- 
tory quotients of some animals. Also, Reid (168) found that anesthetized Hous- 
say cats given glucose intravenously utilized somewhat less carbohydrate than 
did even depancreatized cats. However, the extent to which hypophyseal insuf- 
ficiency alone contributed to the low tolerance in these experiments is unknown. 
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ble carbohydrate at certain times and always retention of much derived 


glucose as indicated by uniformly low D/N ratios (70, 76, 79, 110, 148). 


5. Urinary nitrogen is less than in depancreatized animals on the 
same diet or when fasted (70, 110). 

6. Some animals show a rise in respiratory quotient after carbo- 
hydrate feeding (22, 76). The respiratory quotient of isolated muscle is 
also more nearly normal in Houssay than in depancreatized animals 
(144). 

7. Glycogen has been found in the livers of Houssay dogs in almost 
normal amounts (39, 42, 70, 77, 82). 

8. Hypoglycemic episodes are frequent, especially during fasting 
(70, 78, 79, 97, 110). 

9. Reproduction of diabetes by anterior lobe treatment is easy (14, 
70, 74, 77, 79, 82, 97, 109). 

It is thus seen that hypophysectomy exerts a profound influence on 
the effects of removal of the pancreas, leading to the establishment of 
a mildly diabetic state generally similar to that found clinically, but in 
some respects rather different. 

The unanimity of opinion on the characteristics of the ‘‘Houssay”’ 
animals is striking, but there is still no agreement on the explanation 
of this phenomenon. The question is, what has happened to the 
diabetes in these animals? In the doubly operated animals, although a 
partially diabetic state does exist, considerable amounts of carbohydrate 
can be taken care of in apparently normal fashion under certain circum- 
stances. If, as is generally considered, carbohydrate oxidation is 
greatly diminished after pancreatectomy, how does removal of another 
organ restore this ability? 

The question has been answered in various ways. In the first place, 
it has been suggested that in any action of hormones such as these, we 
may not be dealing with particular activities initiated by the hormones 
but rather with properties which are inherent in the cells and only regu- 
lated in rate by hormonal control. Then if we should remove two 
hormones which were antagonistic in their action, as the anterior 
pituitary and pancreas appear to be, we should get a condition more 
nearly approaching the normal than if either were removed alone. This 
consideration would not bring us closer to assigning a particular function 
to the anterior pituitary, but it would reconcile many opposing facts in 
the physiological picture of the depancreatized-hypophysectomized 
animal. 
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On the other hand, there may be some very different explanation 
of the Houssay phenomenon, with the amelioration of diabetes much 
more apparent than real. Diabetes does exist, in fact, in these animals, 
and it is possible that the carbohydrate retained under certain conditions 
may have some other disposition than oxidation. Indeed, it is probable 
that prolongation of life in these animals is due more to lack of acetone 
body accumulation than to ability to use carbohydrate, but whether 
this is due to coincident oxidation of carbohydrate or to some other 
phenomenon related solely to fat metabolism, we cannot say. 

Another explanation widely advocated now is that the anterior 
pituitary controls gluconeogenesis in some fashion and that in its 
absence new formation of carbohydrate is curtailed, thus diminishing 
apparent diabetes. This theory is consistent with many of the facts 
outlined above and may be supported also by the results of anterior 
lobe treatment in normal and in depancreatized-hypophysectomized 
animals; it will be discussed in detail later. 

There is another unsettled question concerning the Houssay phe- 
nomenon—whether the effect of hypophysectomy on diabetes is due 
directly to removal of the pituitary secretion or indirectly to consequent 
hypofunction of some other gland. It was at one time considered that 
the thyroid and pancreas were antagonistic, but it is now known that 
thyroidectomy has, if anything, only a mildly depressing effect on 
diabetes because of the low basal rate found in this condition (70, 115, 
153). Instead, interest is now centered on the adrenal cortex as a 
possible intermediary of the action; for it was found by Long and 
Lukens (110) in a large series of cats (and also by Hartman and Brownell 
(64) in a few cats) that provided the animals were maintained with 
cortical extracts, removal of the adrenal glands had practically the same 
effect on pancreatic diabetes as had hypophysectomy. On the other 
hand, Houssay and his pupil, Leloir (70, 105, 107) stated that if their 
dogs were in good condition, the removal of the adrenals in stages along 


- with the pancreas did not prevent the continuation of diabetes until 


death of the animals in a short time after insulin administration was 
stopped. This divergence of opinion on the adrenal cortex-pancreas 
relationship may be due to species differences, or to differences in 
experimental conditions. A repetition on the dog or other species of 
the type of experiments performed on cats by Long and Lukens, in 
which the use of cortical extracts enabled the animals to survive the 
removal of both adrenals for some time, is therefore to be desired. The 
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possible mediation of the adrenal cortex in the action of anterior pitui- 
tary extracts will be discussed in the next section.® 

Regarding the Houssay phenomenon, it may be said that although 
there is agreement in general as to the manifest effects of hypophysec- 
tomy on pancreatic diabetes, the explanation of these effects awaits the 
final decision on the actual réle of the anterior lobe in carbohydrate 
metabolism. 

3. The action of anterior lobe preparations. After the demonstration 
of the effects of hypophysectomy on insulin sensitivity and on pan- 
creatic diabetes, the logical step was made of attempting to influence the 
carbohydrate metabolism of normal animals by means of treatment with 
pituitary preparations. Reports of the results of such experiments are 
now quite numerous, but owing to the unfortunate diversity of condi- 
tions employed by various workers, these reports have been frequently 
contradictory. In general, the effects described may be divided into 
two types of action—one a brief immediate hyperglycemia, and the 
other a more slowly developed, cumulative, and longer lasting effect 
on the blood sugar, together with other metabolic effects. 

Transient glycosurias were reported by Borchard and by Cushing 
and others many years ago, and recently Lucke and co-workers, as well 
as others, have found this effect. In particular, Lucke has published a 
long series of papers (112, 113) based on observations made with 
“Praiphyson,”’ a commercial anterior pituitary preparation of unknown 
content; from his results he concluded that the hyperglycemia was 
adreno-medullary in origin, mediated by way of the “sugar center’ 
and nervous pathways. Anselmino and Hoffman (6), using the same 
preparation as well as others of their own, were unable to confirm this 
work except in a few cases, and concluded that the hyperglycemic 
effect was due to the action of posterior lobe substances contaminating 
the anterior lobe extracts. Although immediate hyperglycemic effects 
of anterior lobe preparations have been reported also by others (66, 67, 
133, 143, 145, 149), in no case has the posterior lobe factor been ex- 
cluded definitely; it does not appear established that the anterior lobe 
has an immediate hyperglycemic effect of its own. 

Longer lasting hyperglycemic effects of anterior lobe extracts were 


* Long and co-workers (165) have now reported the amelioration of pancreatic 
diabetes by adrenalectomy in the dog, although the differences do not seem as 
decisive as in the cat. Houssay and Biasotti also reported the same result in the 
toad; but, contrary to Long and Lukens, they found that the usual effects of ante- 
rior pituitary extracts were observed in the absence of the adrenals (162). 


— 


| 
} 
4 | 


ANTERIOR PITUITARY AND CARBOHYDRATE METABOLISM 9 


first reported by Johns et al. in 1927 (95). In 1932 the results of work 
in three different laboratories appeared within a few months. Evans 
and co-workers (53) first reported the development of diabetes in some 
dogs treated chronically with hypophyseal growth preparations and the 
continuation of the diabetes in these animals for some months after the 
cessation of the treatment.’ Baumann and Marine (15) found gly- 
cosurias in rabbits after a few days’ treatment with anterior lobe ex- 
tracts and a month Jater the results of extensive investigations of this 
type in dogs were published by Houssay and co-workers (17, 83, 85, 86). 
In the hands of the latter workers, the injection intraperitoneally of 7 cc. 
(equal to 1.5 grams of fresh gland) per kilo per day of a crude anterior 
pituitary preparation was said to produce in otherwise normal dogs a. 
maximum blood sugar up to 300 mgm. per cent in 3 to 7 days of injec- 
tions, together with glycosuria, hyperlipemia, ketonuria and other 
symptoms of diabetes. These effects were said to be in all cases tem- 
porary, depending for continuance on the injection of the hormone. 
Although the production of diabetes-like states in normal animals with 
the administration of anterior lobe extracts has been confirmed (6, 14 
52, 94, 125, 132), several other investigators have experienced much 
difficulty in reproducing these results. In our own laboratory, in 
spite of initial successes, ore recent extensive trials in normal dogs and 
rabbits were unsuccessful also, except in a few instances which were 
considered doubtful because of attendent protein reaction in the animals. 
It is, in fact, highly probable that some of the positive diabetogenic 
effects which have been reported were really the effects of reaction to 
large amounts of foreign protein contained in the extracts, for this point 
was not well controlled in all of the papers appearing on the subject. 

On the other hand, it cannot be concluded that all positive effects of 
anterior lobe preparations in normal animals are due to non-specific 
protein reaction, for it is possible—a point emphasized by Houssay— 
that we may be dealing with an extremely labile active substance, the 
partial destruction of which in the course of the preparation of extracts 
would prevent consistent results. The possible effects of the diet of the 
experimental animals are also to be considered, although they have 
received little attention except in a few instances. 

Although it might be concluded on the basis of the effects of anterior 
lobe extracts on normal animals that their possession of diabetogenic 


7 Young has also recently produced a diabetes in dogs which continued after 
the cessation of treatment; the condition simulated but was not identical with 
pancreatic diabetes (171). 
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action was doubtful, there is quite convincing evidence of this activity 
in their effects on completely or partially depancreatized animals. 
Since the early work of Houssay, it has been found and confirmed re- 
peatedly that depancreatized-hypophysectomized animals are quite 
sensitive to the diabetogenic action of extracts, and it was also reported 
from Houssay’s laboratory that completely or partially depancreatized 
dogs also respond to their administration (70, 81, 83, 132). Recently 
Bennett, Hopper and Linford of our laboratory have studied extensively 
the effects of anterior lobe preparations on partially depancreatized 
dogs (unpublished work) and have found them uniformly positive. In 
this work, the animals, which were prepared according to the Allen 
technique, were in excellent condition following the operation, without 
any signs of defective carbohydrate metabolism. The glucose tolerance 
curves were improved by carbohydrate feeding. Yet, following the 
administration of small amounts of anterior lobe extracts and without 
any signs of protein reaction, typical diabetic states supervened, with 
fasting blood sugars rising from 80 mgm. per cent to 150-300 mgm. 
per cent, and with intense glycosurias and ketonurias. Maximum 
blood sugar values were usually reached following two or three daily 
administrations of the extracts and normal conditions were usually 
regained one or two days after cessation of treatment, as described by 
Houssay and others in normal animals. In view of these results it can 
be concluded that anterior pituitary preparations do possess “dia- 
betogenic”’ activity, but that the presence of sufficient pancreatic tissue, 
as well as perhaps other conditions, may mask such effects in normal 
animals. 

Besides the hyperglycemic effects, both acute and chronic, of the 
anterior pituitary, several other effects of preparations of this gland on 
carbohydrate metabolism have been described. They may be sum- 
marized briefly as follows: 

1. The “carbohydrate metabolism hormone” of Anselmino and 
Hoffmann (5, 8), according to these authors decreases liver glycogen in 
fed rats in a few hours. The active substance is said to be separable 
from anterior lobe tissue and the blood and urine of diabetic patients, 


8 In addition to the effects mentioned in the succeeding paragraphs, Young has 
described a “‘glycostatic’’ action of anterior pituitary extracts in normal animals. 
The active substance is detected by its suppression of insulin action, is said to 
increase the lability of tissue glycogen and, at the same time, causes greater than 
normal maintenance of liver glycogen in fasted rabbits. The blood sugar level 
is not affected (172). 
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as well as from other metabolic hormones, by ultrafiltration at a specified 
pH. The method of assay is unique, but the figures presented appear 
consistent. No effect of this hormone was observed on blood sugar, 
nor is its possible connection with other hormones or with diabetes 
at all clear. There has been no confirmation of the existence of this 
hormone from other laboratories. 

2. The thyrotropic hormone of the anterior pituitary is well known 
to produce a progressive decrease in liver glycogen (50, 67, 149), as 
does thyroxin itself, by stimulation of metabolism. This action of 
anterior lobe preparations may account for some of the effects found by 
other authors, although Anselmino and Hoffmann say that it is too 
slow to account for theirs. 

3. A group of several other ‘‘hormones,’” has been proposed by 
Anselmino and Hoffmann: a, the ‘‘pancreatropic hormone,” its existence 
based on histological study of the pancreas of the rat (4, 7) and said to 
be confirmed by depressing effects found on blood sugar in Zunz and 
LaBarre’s cross-circulation experiments (154) and in certain work by 
other authors with anterior lobe extracts (66, 116, 143, 149); b, the 
“adrenomedullotropic hormone,” its existence based only on histo- 
logical findings and unconfirmed (1); c, a separate blood sugar raising 
principle found in ultrafiltrates of anterior lobes, said to be different 
from any others ever reported, also unconfirmed (6, 7). 

4. Another action of anterior lobe extracts has been observed so far 
only in hypophysectomized rats—one which depresses their respiratory 
quotients and enables them to maintain normal levels of carbohydrate 
stores during fasting (55).° This action will be considered after dis- 
cussion of the effects of hypophysectomy. 

As is apparent from the above discussion, the ‘‘diabetogenic’’ action 
of the anterior lobe is so far the only one to be widely accepted and to 
be studied to any extent. It is generally agreed that the typical 
“diabetogenic” activity occurs in the absence of the thyroid, the pitui- 
tary gland as such, and the gonads (14, 21, 86), and also, that it is 
extrapancreatic—that is, the effect is not produced by direct antagonism 
to the islet cells or their secretion. The adrenal cortex, however, may 
still be considered as a possible intermediary. 

As mentioned earlier, it has been found by Long and Lukens that 
adrenalectomy has a very similar effect to that of hypophysectomy on 


® Analogous effects on the metabolism of fed carbohydrate in hypophysec- 
tomized and also in normal rats have now been found. They will be discussed 
further in the next section. 
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pancreatic diabetes; and their view that the adrenal cortex is intimately 
concerned with the relation of the anterior lobe to carbohydrate me- 
tabolism is strengthened by their finding that, in cats maintained on 
cortical extracts in the absence of the cortex and pancreas, hypophyseal 
extracts fail to show their usual diabetogenic activity (109). On the 
other hand, Houssay and Leloir (89) maintain that in dogs, which sur- 
vived adrenalectomy for only a few days, there were nevertheless 
hyperglycemic effects of the anterior lobe extracts. In addition they 
present data on another form, the toad, to indicate that the adrenal 
cortex is not necessary for the diabetogenic action of the extracts. 
Here, then, is a discrepancy which must be resolved before final con- 
clusions can be drawn. 

The careful work of Long and Lukens, involving as it does new ideas 
of the function of the pituitary and especially of the adrenal cortex, 
must be well considered. As Long and Lukens point out, however, 
it is not proved by their experiments that the sole effect of the anterior 
lobe on carbohydrate metabolism is mediated through the cortex; nor 
will this picture be entirely clarified until adrenal cortical preparations 
are shown to have activity of the type found in the anterior lobe. It is 
possible that the usual action of anterior lobe extracts is prevented in 
the absence of the cortex not by lack of a direct intermediary agent but 
instead by some indirect alteration in metabolism. 

The principal action which may be attributed to anterior pituitary 
extracts on the carbohydrate metabolism of the normal animal is then 
the production of a state similar to diabetes in its outward manifestions: 
a high fasting blood sugar is produced, accompanied by hyperlipemia, 
ketonemia, glycosuria and ketonuria, prolonged carbohydrate tolerance 
curve (14, 21, 52), and failure of the respiratory quotient to rise on 
feeding carbohydrate (21). But as pointed out by Houssay, whether 
this action can be called truly diabetogenic—that is, contrainsular—is 
questionable, for the mechanism of the action of the anterior lobe ex- 
tracts is not yet known and certain effects of the extracts, as the pro- 
duction of high glycogen levels (69, 70, 94), are not those found in 
pancreatic diabetes. The metabolic effects of anterior pituitary extracts 
in normal animals await a complete study. 

4. The effects of hypophysectomy alone on carbohydrate metabolism 


10 Confirmation of this finding in the rat has been reported by Long (164). Also 
Mackay and Barnes and Fry in Long’s laboratory have found that adrenalectomy 
prevents the ketogenic and liver-fat increasing action of anterior pituitary 
extracts. 
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* and the results of anterior lobe treatment. What should appear to be the 7 
most obvious lines of investigation on the relation of the anterior a 
pituitary to carbohydrate metabolism are, of course, the effects of 
hypophysectomy alone on this process and the results of substitution 
therapy; but until recently there have been few indications that there 
were any profound disorders in these animals except in special circum- 
stances, as in the pancreatic diabetes discussed above. 

What is now known of the changes in carbohydrate regulation after 
hypophysectomy alone may be outlined as follows: 

1. In well-fed hypophysectomized animals which are otherwise 
normal, there are no obvious abnormalities in carbohydrate metabolism 
except in the responses to insulin and to epinephrine which were dis- 
cussed previously. Tolerance to orally administered glucose is above 
normal (35, 45, 47, 57, 88, 97, 98, 100, 138, 139), undoubtedly because of 
low rates of intestinal absorption ; for to intravenous sugar it is normal or 
somewhat low (23, 43, 46, 88, 156, 170), as would be expected in the low 
metabolic state after hypophysectomy. Normal blood sugar levels and 
carbohydrate reserves are the rule in the well fed state. 

2. In hypophysectomized dogs and toads (also adrenalectomized 
rats), phlorizin has a curious effect, producing a much less intensely 
diabetic state than in normal treated animals, and if the animals are 
fasted, leading to rapid and frequently fatal hypoglycemia (10, 16, 23, 

80). The ordinary diabetic state is said to be restored by anterior lobe 
treatment in hypophysectomized animals (16, 84). 

3. The most generally encountered statement of abnormality in a 
relation to carbohydrates in hypophysectomized animals is that they are .* 
liable to frequent hypoglycemic crises (42, 45, 47, 110, 118, 156). That a 
the nutritional state is important in determining the blood sugar level 
of these animals was shown by Long in the cat (110), Soskin (147) and 
Braier (70) in the dog, and Russell (134) in the rat; and it is now gen- 
erally recognized that fasting is the essential factor in producing the 
marked and frequently fatal hypeglycemias which occur after hypo- 
physectomy" in certain species (42,70). The ordinary post-absorptive 
blood sugar levels, however, may be normal or low, depending on the 
species and on the length of the fasting period (18, 40, 45, 46, 57, 62, 

68, 70, 93, 96, 97, 99, 100, 111, 123, 130, 142, 146, 155). 

4. The carbohydrate reserves of hypophysectomized animals have 

usually been found to be close to normal (11, 12, 38, 45, 56, 70, 88,101, 


1 It may be mentioned also that adrenalectomized cats and dogs are subject to 
| hypoglycemic attacks when not in good nutritional states (63). 
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124,” 134), but quite low values have also been reported in certain species 
(19, 74, 129, 134). In the fasted hypophysectomized rat, the low 
glycogen levels in muscle and liver are striking, and these have been 
studied in some detail. It has been found that when these animals are 
normally well-fed, all carbohydrate levels are quite normal, but that 
when the rats are fasted, even for very short periods, as 6 to 8 hoursor 
more, these values including that of the blood sugar, all begin to drop 
rapidly. This drop continues for about 18 to 24 hours, when at very 
low levels it becomes more slow but is still continuous until the death 
of the animal in a relatively short time. Carbohydrate feeding readily 
restores the glycogen levels toward normal, but as soon as absorption 
ceases the abnormal rate of depletion is resumed. It is apparent that 
in these animals at least we are dealing with a marked defect in the 
mechanism by which blood sugar is maintained and carbohydrate stores 
conserved during fasting. 

It is probable that other species would exhibit a similar abnormality 
to that found in hypophysectomized rats if the proper time intervals 
were found, for in the few cases when liver and muscle glycogen levels 
have been determined in conditions of marked hypoglycemia, they also 
have been very low (12, 45, 70, 74, 129). As yet no adequate studies of 
carbohydrate reserves as affected by various fasting periods have been 
carried out in any other form than the rat.” 

Parallel with the determination that hypophysectomized rats lose 
carbohydrate reserves at an abnormal rate during fasting, it has been 
found possible to prevent this loss by treatment of the animals with 
anterior lobe preparations'* (55). The restoration of muscle glycogen, 
which may be supernormal under some conditions, appears to be 
independent of adrenal cortical action and of other known anterior lobe 


12 In the abstract of Nakamura’s paper it is stated that the liver glycogen of 
hypophysectomized rabbits is low. Through the kindness of Dr. N. Uyei, who 
translated the Japanese for me, it has been ascertained that the figures for ‘iver 
glycogen of 20-24 hour fasted rabbits are: normal, 1.6 per cent (av. of 17, range 
0.8 per cent to 3.1 per cent), and hypophysectomized, 1.0 per cent (av. of 19, 
range 0.2 per cent to 2.4 per cent). 

13 Recently it has been found by Churchill and by Cope that also in young 
hypophysectomized rabbits, fasting for a short time produces a rapid fall in liver 
glycogen followed by marked hypoglycemia (158, 159). Dye (160) also has re- 
ported similar results in hypophysectomized cats fasted 3 to 6 days. The be- 
havior of muscle glycogen in these species is not known. 

14 The occurrence of low glycogen levels in hypophysectomized toads can also be 
prevented by anterior lobe therapy (74). 
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| 
| * hormones. However, according to recent work of Bennett in this - 
| laboratory, the adrenal cortex may be concerned with the mainte- 
| nance of liver glycogen and blood sugar levels. 
| 5. It was observed by Fisher and Pencharz that hypophysectomized 
rats frequently have high fasting respiratory quotients, apparently 
| deriving a larger proportion of their energy from carbohydrate than do 
| normal fasted rats (54). Respiration and carbohydrate levels have now 
| been studied simultaneously on the same animals, with the finding that 
| the high respiratory quotients are directly paralleled by the abnormal 
loss of body carbohydrate during fasting and that this loss can be 
accounted for by the apparent carbohydrate oxidation (55). Anterior 
lobe treatment, at the same time that it checked the disappearance of 
body carbohydrate, produced a prompt regression of the respiratory 
quotients to normal fasting levels, apparently diminishing the abnormal 
carbohydrate oxidation. 

The effects of hypophysectomy on the respiratory exchange of other 
animals than the rat have not been reported in detail, although normal 
or slightly high respiratory quotients have been reported in dogs by 
Houssay’s laboratory (9, 75, 122) and by Gaebler (58). 

5. Theories of the réle of the anterior pituitary in carbohydrate me- 
| tabolism. On the basis of the experimental findings presented above, 
| the principal theories relating the anterior pituitary to carbohydrate 
| metabolism can be discussed. It was first suggested by Houssay’s 
school and has since been widely considered that the anterior pituitary 
produces its effects by stimulating the process of gluconeogenesis. 
The principal arguments for this theory may be outlined as follows: 


1. Administration of anterior lobe preparations to normal animals 
may produce hyperglycemia and glycosuria. When given to Houssay 


t 15 Since the above was written, it has been found that hypophysectomized rats 

also differ from the normal in the metabolism of fed carbohydrate, apparently 

| oxidizing a greater proportion of the absorbed glucose and depositing less in the 

j tissues than do control animals. Anterior pituitary extracts promptly depress 

| the respiratory quotients and increase carbohydrate storage in both hypophysec- 
tomized and normal rats (167, 169). The low rate of absorption of glucose from 

the intestines of the hypophysectomized rats, as well as their oxygen consumption, 
can be made normal by treatment with thyroxin; but the abnormal disposition of 
fed glucose is not affected by this treatment. 

It may be mentioned here also that animals treated chronically with anterior 
lobe extracts soon become resistant to the action of these extracts in raising blood 
sugar, in preserving muscle glycogen during fasting, in depressing the oxidation of 

| carbohydrate after feeding and also in affecting ketogenesis. 
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animals on a constant diet or in the post-absorptive state, they increase 
both glucose and nitrogen excretion (110), high and fairly uniform 
D/N values resulting. 

In long fasted animals, the typical action of the extracts is not ap- 
parent, presumably because of lack of available precursors (83). 

2. The amelioration of pancreatic diabetes after hypophysectomy 
may be explained as due to diminished new formation of carbohydrate. 
Long and Lukens, finding frequent definitely diabetic tolerance curves 
in their doubly operated cats, as well as incomplete retention of new- 
formed glucose, do not consider that normal carbohydrate oxidation 
has been resumed in these animals, but that the apparent improvement 
in the diabetic state is most probably due to decreased supplies of 
endogenous carbohydrate. Since in all of their cases, when anterior 
lobe extracts were given, increased nitrogen excretion made it possible 
to account for the glucose excreted if it came from protein, gluconeo- 
genesis from fat is not necessarily assumed. 

3. The failure of fasted hypophysectomized dogs given phlorizin to 
excrete as much glucose and nitrogen as is usual in phlorizin diabetes 
is explained if gluconeogenesis is suppressed after the operation. Gly- 
cosuria is again increased by anterior lobe therapy, supposedly be- 
cause of increased new formation of carbohydrate, although nitrogen 
excretion is not always so affected (84). 

4. According to the Houssay school, endogenous nitrogen metabolism 
is much influenced by the hypophysis. Although the nitrogen excretion 
of fed hypophysectomized dogs is normal, when these animals are 
fasted several days or kept on protein free diets, the average excretion 
of total nitrogen and creatinine is low (27). The same is said to be true 
of rats, but the differences are of doubtful significance (30). Toads 
also show less nitrogen excretion after hypophysectomy (29). It 
should be remarked that this diminution of nitrogen excretion during 
fasting is an average figure and not apparently a constant finding; and 
further, even when significant, it is not greater than would be expected 
in the condition of hypothyroidism which develops after hypophysec- 
tomy (70). 

In hypophysectomized animals which have been made diabetic by 
pancreatectomy or phlorizin administration, the nitrogen excretion is 
little above the normal and the D/N value is always low (70, 110, 147); 
whereas as is well known, a marked increase in nitrogen excretion and 
a high D/N ratio are usually found in normal animals so treated. The 
diminished protein destruction following hypophysectomy which is 
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indicated by these results might be expected as a result of thyroid 
deficiency; but this indirect effect is not the only factor in the results, 
since the removal of the thyroid itself affects neither pancreatic nor 
phlorizin diabetes to the same extent as does hypophysectomy (10, 
23, 70, 153). 

5. In the condition of low oxygen supply (low atmospheric pressure 
treatment), normal rats appear to form new carbohydrate, and to 
excrete extra nitrogen, whereas adrenalectomized and hypophysecto- 
mized rats do not show these changes (51). 

6. Hypophysectomized animals are subject to frequent hypoglycemic 
crises, especially if food is withheld, and they may have low carbo- 
hydrate stores under these conditions. If the regular blood sugar level 
and carbohydrate reserves are maintained during fasting chiefly by 
gluconeogenesis, then diminished gluconeogenesis following hypophy- 
sectomy should have this effect. Soskin (147) finds that hypophy- 
sectomized dogs as well as Houssay dogs can maintain their blood sugar 
levels when fed on meat, but not when fed on fat alone, or when fasted; 
and he advances this finding as an argument that normal animals must 
therefore derive blood sugar from fat, those deprived of the pituitary 
failing in this type of gluconeogenesis. However, these experiments are 
open to the criticism that the nutritional state of the hypophysectomized 
animals fed exclusively on olive oil did not appear to be well controlled. 

7. Insulin hypersensitivity can be explained as due to insufficient 
gluconeogenesis in the reaction phase, although, as mentioned earlier, 
there is no direct evidence for this theory. 

It is to be emphasized that the gluconeogenetic theory does not neces- 
sarily demand changes in the theory of the function of insulin or adoption 
of the theory of fat-gluconeogenesis. In Long’s view, at least, gluco- 
neogenesis—and that from protein only, as far as present facts indi- 
cate—is important normally only under certain emergency conditions, 
as in fasting or phlorizin poisoning, and so a deficiency in this process is 
apparent in ‘hypophysectomized animals only under certain circum- 
stances (108). Likewise it may be considered that the pancreas is 
ordinarily capable of dealing with normal amounts of carbohydrate 
formed by gluconeogenesis, but that when insular tissue is absent or 
diminished in amount, anterior pituitary and presumably other means 
of increasing gluconeogenesis exert their most pronounced effects. 


That there may also be a defect in gluconeogenesis from fat has been | 


suggested; and in view of the marked activity of certain anterior lobe 
extracts on ketone body formation (3, 20, 25, 34, 117) and on liver fats 
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(20), there may well be alterations in fat metabolism after hypophy- 
sectomy of which we are not at present aware. However, it has been 
shown that hypophysectomized animals have no difficulty in disposing 
of both body fat and ingested fat in considerable quantities (103), and 
moreover convincing evidence that a defect in fat metabolism would 
alter the glucose supply is not at hand. Therefore, without more 
evidence than is at present available, this theory is hardly tenable. 

This gluconeogenetic theory of anterior pituitary function, with 
regard to protein at least, is quite plausible, and is now widely accepted. 
Yet there are certain facts which are not consistent with or explained by 
this theory, so that there may be another explanation of the apparent 
relation of the anterior lobe to carbohydrate metabolism. It is possible 
that the anterior lobe acts by suppressing carbohydrate oxidation 
relative to the oxidation of fat and protein, and that in its absence 
there is a relative excess of carbohydrate oxidation occurring. That this 
theory is one to be considered, as well as that of gluconeogenesis, is 
indicated by the following facts: 

1. Direct proof of failure or deficiency of gluconeogenesis in hypo- 
physectomized animals is lacking, except perhaps in the curious instance 
of the low pressure treatment, as yet quite unexplained. Amino-acid 
tolerance is practically normal, as is the hyperglycemia produced by the 
amino-acid injection (130). Hypophysectomized animals are able to 
live on diets very low in pre-formed carbohydrate (10, 104, and un- 
published experiments in this laboratory), and some.new formation of 
carbohydrate in the livers of fasted rats fed protein can be demon- 
strated (unpublished); hypophysectomized dogs can maintain their 
blood sugar levels on exclusive meat diets (70, 147) even during phlorizin 
poisoning. Finally, nitrogen elimination is not less than normal in fed 
hypophysectomized animals. From these considerations it would 
appear that any defect in gluconeogenesis from protein would not be 
in the transformation of the amino-acid to glucose, but in the breakdown 
of endogenous protein. If this were so, serious abnormalities in nitro- 
gen metabolism should be found, as considered below. 

It would be expected that if protein breakdown were deficient, nitro- 
gen excretion in hypophysectomized animals would be quite low. Yet 
it may be normal or only moderately low, not always as much so as 
_ would be expected on the basis of the low metabolic rate (27, 30, 55, 
128). According to Shaffer and Lee (141), the non-protein nitrogen of 
the body, especially of the liver, of hypophysectomized rats is consider- 
ably higher proportionately than normal, both urea and amino nitrogen 
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participating in this rise. Also, these animals when compared to 
normal on the same food intake, actually lose 20 per cent more body 
protein during the period following hypophysectomy (104). There is 
then no evidence that protein breakdown is deficient in simply hypo- 
physectomized animals, but that if anything it is excessive. 

In hypophysectomized animals which have been depancreatized or 
phlorizinized, there does appear to be less protein breakdown than in 
‘normal’ diabetic animals, but it is possible that protein sparing action 
of carbohydrate oxidation together with thyroid deficiency could ac- 
count for this decrease. 

2. Effects of anterior pituitary preparations on nitrogen metabolism 
offer little evidence for an effect on gluconeogenesis. In Houssay cats, 
the nitrogen excretion of injected animals appears to be increased 
(109), but whether this nitrogen comes from protein used to form new 
carbohydrate or from that metabolized instead of carbohydrate cannot 
be decided. Anterior lobe implants also increase the nitrogen elimina- 
tion of hypophysectomized toads, but this increase may be caused by 
stimulation of the thyroid (29). In normal animals, anterior lobe prep- 
arations containing growth factors (and presumably carbohydrate 
factors as well, as they have not been separated) cause no increased 
nitrogen excretion, but actually nitrogen retention in dogs (59, 150) 
and in rats (29); they also decrease tissue and blood non-pret in nitrogen 
and increase total body nitrogen (131, 141, 150). That is, there is no 
evidence under these conditions of any increased protein breakdown due 
to anterior lobe extracts. 

3. In order to explain the Houssay phenomenon, it appears necessary 
to make the not improbable assumption of the purely regulatory func- 
tion of these hormones, as mentioned in the discussion of the subject 
above; but a directly antagonistic influence of the two hormones, 
insulin and an anterior lobe factor, on carbohydrate-oxidation would fit 
the case well. On this assumption, it appears that in the absence of both 
pituitary and pancreas the organism is usually in a condition more 
nearly approaching normal than in the absence of either gland alone; 
but without the stabilizing control of the two hormones its carbohydrate 
metabolism is subject to every sort of influence. Hence the animal 
leads a precarious existence between diabetic coma and hypoglycemic 
shock, and depending on conditions, it may present a picture very like 
simple pancreatic diabetes, or its antithesis. The occasional rise in 
respiratory quotient after glucose feeding, the considerable glucose 
retention, and the normal liver glycogen levels which have been reported 
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in hypophysectomized-depancreatized animals, all find a better explana- 
tion in the partial restoration of carbohydrate oxidation than in reduc- 
tion of diabetes exclusively by decreased gluconeogenesis. 

4. The phenomenon of insulin hypersensitivity in the absence of the 
hypophysis is explicable on this basis, a much exaggerated action being 
expected in the absence of a normal restraining influence on carbo- 
hydrate oxidation. 

5. The hypoglycemic effects of fasting in hypophysectomized animals 
may be due, as they apparently are in the rat (55), to depletion of 
carbohydrate stores by excessively rapid oxidation. The hypoglycemic 
effects of fasting in the phlorizinized hypophysectomized animal may 
have the same explanation, although there is at present no direct evi- 
dence of this fact. 

6. The diabetogenic action of anterior lobe extracts may be due to 
depressing effects on carbohydrate oxidation, the increased excretion 
of glucose, nitrogen and ketone bodies observed in pituitary diabetes 
being consistent with decreased carbohydrate oxidation and relatively 
increased protein and fat metabolism. In addition, it has been stated 
by the Houssay school (83, 86) and others (14, 94) that anterior pituitary 
extracts have their greatest effect when the injected animals are well 
fed, especially when fed carbohydrate, a fact much better explained by 
an effect on carbohydrate oxidation than by one on gluconeogenesis. 
The decrease in the action of the extracts during prolonged fasting 
may be explained if it is considered that a further depression in oxida- 
tion of carbohydrate would be difficult to produce in normal animals, 
in which this process is already at a low ebb. Finally, the increased 
action of anterior lobe extracts after partial pancreatectomy when 
carbohydrate feeding produces no such results argues against over- 
production of glucose due to the anterior lobe treatment. 

7. The recent work of Shorr et al. (144) on the metabolism of isolated 
muscle in Houssay dogs, appears to indicate the resumption of carbo- 
hydrate oxidation in the absence of both the pancreas and hypophysis. 
The respiratory quotient is largely restored by the double operation 
(being low after pancreatectomy alone) and the ability of the muscles to 
oxidize lactic acid appears also to be brought back to normal. Al- 
though such experiments as this, in vitro, are open to certain objections, 
st'\! the findings are not explained by the gluconeogenetic theory. 

8. The finding of Greeley (62) that hypophysectomized rabbits 
appear to need much more carbohydrate to maintain their blood sugar 
levels than do normal may be explained more readily by increased 
oxidation in the absence of the hypophysis. 
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9. Attention to the possibility of abnormal carbohydrate oxidation 
in the absence of the antero-pituitary has been drawn particularly by 
the recent work on fasted hypophysectomized rats, in which it has been 
shown that there is a rapid disappearance of carbohydrate reserves 
during fasting. This loss of carbohydrate is accompanied by an in- 
crease in the respiratory quotient and, in fact, can be accounted for by 
oxidation as calculated from the respiratory measurements. When 
anterior lobe extracts are given, the normal mechanism for conserving 
body carbohydrate during fasting is restored, the animals presumably 
burning fat or protein instead of carbohydrate. 

In the experiments described above, the very small differences in 
nitrogen excretion and lack of other evidence render a decrease in 
gluconeogenesis from protein unlikely as the cause of the apparent 
loss of carbohydrate; but the results might be accounted for if it were 
assumed that during fasting there was diminished gluconeogenesis 
from fat. The net result, however, would be the same, whether during 
fasting protein and fat were in the normal animal regularly converted 
first to glucose and then oxidized, thus maintaining a constant carbo- 
hydrate level by balance of the two processes, or if they were oxidized 
directly instead of carbohydrate. In the absence of specific proof of 
the gluconeogenetic theory, it would seem that for the present the 
simpler concept of direct oxidation was more applicable to the findings 
described above and that oxidation was the fate of the lost carbohydrate." 


SUMMARY 


The complex relationship of the anterior pituitary to carbohydrate 
metabolism has only just begun to be explored. Some facts have been 
established definitely, and the discussions in this paper concerning the 
most important of these may be summarized as follows: 

1. Hypophysectomized animals are remarkably hypersensitive to 
insulin and may show diminished responses to epinephrine. Although 
several theories have been advanced to explain these abnormalities, 
none is sufficiently supported by present evidence to be accepted as 
final. 

2. The removal of the hypophysis alters markedly the response of 
the animal to pancreatectomy, apparently ameliorating the effects of 


16 The same considerations apply to the changes in the metabolism of fed carbo- 
hydrate referred to in a previous footnote. Moreover, it would seem unlikely 


that glycogenesis would be a factor in conditions of carbohydrate plethora, as in 
these recent experiments. 
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this operation. Possible mechanisms for this action have been dis- 
cussed. 

3. Anterior lobe extracts may affect the carbohydrate metabolism 
of normal, depancreatized or depancreatized-hypophysectomized ani- 
mals in a manner which is outwardly ‘‘contra-insular”’ or ‘‘diabetogenic.”’ 
This action cannot be considered simply in this light, however, for not 
all of the effects are similar to those of pancreatectomy, and the mech- 
anism of their action is unknown. 

Other types of action of anterior lobe extracts on the carbohydrate 
metabolism of normal animals are not at present well enough established 
to be given a definite place in anterior pituitary physiology. 

4. Hypophysectomized animals when in good condition and well fed 
exhibit no marked abnormalities in their carbohydrate metabolism 
except those noted above; but they suffer an impairment in the normal 
mechanism by which blood sugar levels are maintained and, apparently, 
by which the tissue carbohydrate reserves are preserved, in conditions 
in which the carbohydrate supply is interrupted (as in fasting, phlorhizin 
poisoning, etc.). 

In the rat, the abnormal rate of depletion of carbohydrate reserves 
during fasting is accompanied by an apparent increase in the rate of 
carbohydrate oxidation. Both of these effects can be prevented by 
anterior lobe therapy. 

Two principal theories have been advanced in explanation of these 
and related findings—one, that the anterior lobe controls gluconeo- 
genesis from endogenous protein, if not from fat, administration of its 
extract causing an increase in available glucose and its removal curtailing 
the supply; the other theory, that the anterior lobe influences carbo- 
hydrate oxidation itself, its presence preventing carbohydrate loss 
below certain levels and its absence characterized by lack of restraint 
on carbohydrate oxidation under conditions when such would ordinarily 
occur. Although this reviewer inclines to the latter explanation, at 
present it is not possible to make a final decision as to the validity or 
completeness of either of these theories. 
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PHYSIOLOGY OF EXCRETION AMONG THE ARTHROPODA 


N. 8. ROYSTON MALOEUF 


Sterling Fellow in Animal Biology, Yale University; Contribution from the Zoo- 
logical Laboratory, Cornell University, and from the Osborn Zoological 
Laboratory, Yale University 


A. DISTRIBUTION OF THE VARIOUS EXCRETORY ORGANS. While the 
amine component of chitin may represent a degradation product of 
proteins, to consider, as is often done, the glucose part of the chitin 
molecule and the whole cuticle as an excretory product is contrary to 
established facts: 1. Most of the cuticle of terrestrial arthropods is re- 
absorbed (apparently digested by the exuvial fluid) during each molt 
and a large fraction of the inorganic (Numanoi, 1937) and organic (Her- 
rick, 1895) material of the calcareous shell of Crustacea is reabsorbed 
at this time. 2. Newly molted lobsters and cockroaches devour their 
own cast (Herrick, 1909; Woodruff, 1934). 3. The cuticle abounds in 
proteins (Wigglesworth, 1933a; Jahn, 1935). 4. Close to the time of 
the molting of decapod Crustacea, glycogen is stored in the conjunctival 
tissue of the integument (Bernard, 1879; Verne, 1924; Baumberger and 
Dill, 1928) being evidently transferred thence from the hepatopancreas 
(Bernard; Vitzou, 1882; Kirch, 1886; Verne; Baumberger and Dill). It 
has been suggested (Verne, 1924), on very plain grounds, that this 
glycogen is utilised in the formation of chitin, a glucoseamine. The 
utilization of an excellent energy reserve, such as glycogen, cannot be 
called an excretory process. 

1. Onychophora. Peripatus has a pair of nephridia in each trunk seg- 
ment except the posteriormost. Each nephridium consists of a coe- 
lomic vesicle, a coiled urinary canal, and a bladder into which the urinary 
canal opens. The bladder opens directly to the exterior on the ventral 
surface of the animal. Pericardial cells, or ‘‘nephrocytes’’ (Bruntz, 
1903), extend throughout the length of the dorsal region of the body and 
into the limbs. : 

2. Tardigrada. ‘The organs to which an excretory function has been 
attributed are a pair of lateral caeca, which vary much in size according 
as the possessor is well- or ill-nourished. They recall the Malpighian 
tubules of such mites as Tyroglyphus. Nothing comparable in struc- 
ture to nephridia or coxal glands has been found”’ (Shipley, 1909). 
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* 3. Pycnogonida. Specific excretory organs have not been ascertained 
(Thompson, 1909). 

4. Xiphosura and Scorpionidea. The coxal glands of each lateral 
half in Limulus are connected by ducts. The glands of the fifth append- 
age-bearing segment open to the exterior (Gulland, 1885; Patten and 
Redenbaugh, 1899-1900). 

Unlike Limulus, scorpions have Malpighian tubes in addition to 
coxal glands. In scorpions Bruntz (1903) noted the occurrence of 
nephrocytes around the heart, the central nervous system and in the 
sternal area. 

5. Araneida. The specific excretory organs of spiders are the Mal- 
pighian tubes. The white color present in the integument of many 
spiders is due to accumulation of guanin in the hypodermal cells (Faus- 
sek, 1909; Millot, 1925). These cells are, therefore, ‘‘kidneys of accu- 
mulation.”” For the same reason the pericardial cells, fat-body cells, 
and epithelial cells of the gut are to be considered as possessing renal 
functions (table 1). 

6. Acarina. The mites and ticks possess Malpighian tubes and, as 
in other terrestrial arthropods, their fat-body cells have the capacity of 
storing purine bodies (table 1). Robinson and Davidson (1913) have 
described a pair of coxal glands situated immediately dorsal to the sec- 
ond pair of coxae of the tick, Argas persicus. After the animal is gorged 
by a meal it will discharge 0.014 gram of liquid from such, or 36.6 per 
cent of its own wet weight. These organs are very apparently adapted 
for the removal of excess water, salts, and nitrogenous wastes absorbed 
from the diet. Elimination of a large quantity of liquid soon after a 
complete meal is a characteristic of all blood-sucking animals (p. 36). 

7. Diplopoda and Chilopoda have Malpighian tubes and their fat 
body cells store purine bodies (table 1). The nephrocytes in the diplo- 
pods and some chilopods occur in the ventral region of the body rather 
than exclusively in the dorsal region as in the insects (Bruntz, 1903). 

8. Crustacea. The specific excretory organs of this group are the 
antennal and maxillary kidneys, which open at the bases of the organs 
the names of which they bear. Only in the Lophogastridae (Borradaile, 
1932) are both antennal and maxillary excretory organs well deveioped. 
The antennal gland is functional in the adult only in certain Malacos- 
traca, e.g., the decapods, and is the larval excretory organ of the Branch- 
iopoda. Bruntz (1904, 1905) detected nephrocytes in the head, thorax, 
and gills (the branchiopod, Chirocephalus), in the head (cirripedes), in 
the head and thorax (amphipods and isopods), and in the thorax 
(branchiopods, parasitic copepods, schizopods). Nephrocytes were 
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TABLE 1 
: ARTHROPOD NITROGENOUS EXCRETION) ORGAN OF DISCHARGE INVESTIGATORS 
ScorRPIONIDEA: 
Scorpio Guanin Lumen of rectum | Davy (1857) 
. S. occitans Guanin; no uric | Malphighian Marchal (1890) 
acid tubes and may- 
be epithelial 
cells of the gut 
ARANEIDA: 


Various species 
Mygale avicularia 
M. erichsonii 
Various species 
Tegenaria domes- 
tica and other 
arachnids 


Epeira diadema 


Various species 


Various species 
Various species 


ACARINA: 
Mites 


Ticks 


DIpPLopopDa: 
Iulus terrestris 


Various species 


Guanin 
Uric acid 
Uric acid 


Uric acid (?) 
Guanin 


Guanin 


Guanin or guanate 
and uric acid 
crystals 


Crystals of ? 


Uric acid (fine 
particles) 


Urie acid (bulky 
concretions) 
Uric acid (erys- 

tals) 


Uric acid (concre- 
tions) 


Uric acid (concre- 
tions 


Hypodermis 
Malp. tubes 
Malp. tubes 


Malp. tubes 
Lumen of rectum 


Lumen of rectum 


Malp. tubes, lu- 
men of rectum, 
epithelium of 
gut 

Pericardial cells 


Fat body cells 
Haemocoele (in 
fat body cells?) 


Lumen of Malp. 
tubes 


Fat body cells 


Fat body cells 


Faussek (1909) and 
Millot (1925) 
Siebold (see Kru- 
kenberg 1880) 
Siebold (see Kru- 
kenberg 1880) 
Bernard (1893) 
Plateau (1877) 


Plateau (1877) and 

Vajropala (1935)* 

Millot (1925) and 
1926) 


Millot (1925 and 
1936) 
Comstock (1912) 


Leydig (1859) 


Pagenstecher 
(1861) and 
Robinson and 


Davidson (1°13) 
Leydig 


Bruntz (1903) 


* Vajropala was the first to demonstrate guanin in arachnid excreta by the use 
of a specific enzyme, guanase, 
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gurus 

A. fluviatilis 

M. squinado 
Cancer pagurus 
Palinurus vulgaris 


M. squinado 


M. squinado 


Pagurus maculatus 


Eriphia spinifrons 

M. verrucosa 
(crabs) 

Homarus vulgaris 
(lobster) 


HEXAPODA: 


Many insects (lar- 
vae and adults) 
Collembola 


(spring-tails) 


Ammonia, amino 
acids, urea, pur- 
ines, including 
> uric acid, other 
unknown nitrog- 
enous wastes 
(major part of 
} the N-wastes) 

Uric acid (traces) 


No uric acid at 
any time; no 
urea; body al- 


lied to xanthin; 
trimethylamines 


(?) 


No uric acid 


Urie acid 


No urate (concre- 
tions) 


Antennal kidney 
excretion, 
blood, hepato- 
pancreas, mus- 
cle, genital 
organs 


Excretion of an- 
tennal kidney 
Excretion of an- 
tennal kidney 


Excretion of an- 
tennal kidney 
and hepato- 
pancreas 


Mid gut cells 


ARTHROPOD NITROGENOUS EXCRETION| ORGAN OF DISCHARGE INVESTIGATORS 
CHILOPODA: 
Scolopendra age Urie acid Lumen of rectum| Davy (1848) 
tans, Lithobius and Malp. tubes 
CRUSTACEA: 
Cyclopsine castor | Uric acid (concre- | Cells of anterior | Claus (1858) 
Chondracanthus tions end of gut 
gibbosus 
Cyclops (young | Uric acid (concre- | Cells of posterior | Leydig 
larva) tions) end of gut 
Astacus fluviatilis | Guanin (?) Antennal kidney | v. Gorup-Besanez 
(crayfish) and Will (1849) 
Astacus fluviatilis | Uric acid and |} Antennal kidney | Griffiths (1885) 
(crayfish) traces of guanin 
Astacus fluviatilis | No uric acid at any| Excretion of an- | Marchal (1890) 
(crayfish) time; no urea tennal kidney 
Astacus fluviatilis 
(crayfish) No uric acid or | Antennal kidney | Przylecki (1926) 
Maia squinado > allantoin; much 
Platycarcinus pa- xanthin 


Delaunay (1927) 


Boivin (1929) 


Marchal (1890) 


Krukenberg (1880) 


Krukenberg 


Folsom and Welles 
(1906) 
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ARTHROPOD 


NITROGENOUS EXCRETION 


ORGAN OF DISCHARGE 


INVESTIGATORS 


Hexapopa:—Cont. 

Thysanura 
(Lepisma) 

Various Orthoptera 

Periplaneta orien- 
talis 

Periplaneta and 
Blatta (roaches) 


Gryllus and Gryl- 
lotalpa (crickets) 


Locusta 

Perla (stonefly) 

Libellula (dragon- 
fly) 

Phrygaena (caddis- 
fly) 

Rhodnius prolizxus 
(bug) 


Sphezx (wasp) 

Polistes (wasp) 

Hyponomenta evon- 
ymella 

Bombyz mori (adult 
silk moth) 


Sphinz 
(larva) 
S. ligustri (adult) 
S. ligustri 
Saturnia pyri 
Atlacus pernyt 
(upon adult 
emergence) 
Deilephila euphor- 
biae (upon adult 
emergence) 


ligustri 


Uric acid 


Uric acid 
Urie acid 


Na urate and uric 
acid (spheroidal 
and ovoid con- 
cretions) 

Ca urate and Na 
urate (sphe- 
roidal and ovoid 
concretions) 

Uric acid 

Uric acid 

Uric acid 


Uric acid 


Urea (appreciable 
after blood meal 
then ceases), 
uric acid, K and 
Na urates, crea- 
tin, amino acids, 
no creatinin, no 
protein 

Uric acid 

Uric acid 

Uric acid 


Uric acid and am- 
monium salts 


Hippuric acid 


Leucin 

) Amino acids, am- 
monia 

>Urea (traces) 


Urie acid 
Uric acid and am- 
monium salts 


Malp. tubes 


Cells in fat body 
Malp. tubes 


Malp. tubes 


Malp. tubes 


Fat body cells 
Malp. tubes 
Malp. tubes 
Malp. tubes 


Meconium 


Fat body cells 
Malp. tubes 
Malp. tubes 


Malp. tubes 


Malp. tubes 


Malp. tubes 
Meconium 


Meconium 


Schindler (1878) 


Cuénot (1895) 
Briicke (1858) 


Bordas (1897) 


Bordas (1897) 


Leydig 
Schindler 
Schindler 


Schindler 


Wigglesworth 
(1931 a, b) 


Fabre (1856) 
Chevreul (see Kr.) 
v. Kéllicker (1858) 


Wiirzer and Beug- 
natel (see Kr.) 
and Kuwana (’37) 

Verloren (see Kr.) 


K6lliker 
Courtois (1929) 


Heller and Are- 
moéwna (1932) 


TABLE 1—Concluded 


ARTHROPOD 


NITROGENOUS EXCRETION| ORGAN OF DISCHARGE 


INVESTIGATCR 


Hexapopa—Concl’d: 
Pierid butterflies 
(pupae) 
Pierid butterflies 
(adults) 


Antheraea pernyi 
(larvae) 


Vanessa __urlicae 
(pupae) 

Heterogenea lima- 
codes (pupae) 

Lampyris splendid- 
ula (firefly) 

Lampyris splendid- 
ula (firefly) 

Lampyris splendid- 
ula (firefly) 


Osmoderma eremita 
(flour beetle) 


Melolontha beetle 
Melolontha beetle 


Lucanus cervus 
(stag beetle) 


Dytiscus beetle 
Gnaptor spini- 
manus 


Necrophorus huma- 
tor (beetles) 

Blowfly larvae 
(Calliphora and 
Phormia) 


Blowfly larvae 
(Calliphora and 
Phormia) 

Culex pipiens and 
Theobaldia an- 
nulata (mosquito 
larvae and adults 


Uric acid 


Uric acid and acid 
derivatives 


Uric acid (chief), 
mea, ammonia, 
allantoin 


Urie acid 


Uric acid (crys- 
tals) 

Urie acid (crys- 
tals) 

Urie acid (crys- 
tals) 

Urie acid (crys- 
tals) 


Uric acid (concre- 
tions) 


Adenin and hy- 
poxanthin 

Uric acid 

Uric acid 


Uric and hippuric 
acids 


Uric acid. No 
urea or guanin 


Free ammonia 
emitted as a gas 


Allantoin 


Brown granules 
(purines?) 


Fat body cells 


Fat body cells 
and wing scales 


Malp. tubes, fat 
body, integu- 
ment, mid-gut, 
hind-gut, mus- 
cles, blood. 
(None in blood) 

Fat body cells 
and gut 

Lumina of Malp. 
tubes 

Light organ 


Fat body cells 


Light organ, gut 
fat body, mus- 
cles 

In 3 of the length 
of the lumen of 
of the gut 

Analysis of whole 
animal 

Malp. tubes 

Malp. tubes 


Fat body cells 


Malp. tubes, fat 
body cells, 
oenocytes 


Meconium 


Fat body cells 


Wigglesworth 
(1924) 
Hopkins (1895) 
and Wiggles 
worth 
Leifert (1935a) 


Wigglesworth 
Samson (1908) 
v. Kélliker 

Leydig (1859) 


Krukenberg (1880) 


Krukenberg (1880) 


Ackermann (1922) 


Chevreul 
Audouin (1836) 


Sirodot (1859) 


v. Gorka (1914) 


Weinland (1906 
and 1908) and 
Hitchcock and 
Haub (1935) 

Robinson (1935) 


de Boissezon (1930) 
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also found in the gills of decapods (a confirmation of Cuénot, 1895), in 
the legs of parasitic copoepods, and in the branchial legs of stomatopods. 

The excretory action of the hepatopancreas is discussed in another 
paper (Maloeuf, 1938). 

Cells of the gut epithelium of certain copepod Crustacea have been 
observed to accumulate concretions of uric acid (table 1). This uric 
acid is probably eventually voided into the lumen of the alimentary 
tract. 

9. Hexapoda. The specific excretory organs are the Malpighian 
tubes, although the fat-body is a prominent ‘kidney of accumulation.”’ 
The Collembola (usually classified among the insects), however, lack 
Malpighian tubes but the cells of the mid gut accumulate concretions of 
sodium urate which are voided to the exterior during each ecdysis when 
the inner wall of the mid gut degenerates (Folsom and Welles, 1906). 

Cells of the fat-body, as in other terrestrial arthropods and as first 
observed by Fabre (1856), often contain accumulations of purine bodies, 
usually uric acid or urates (table 1). It is often supposed that not all 
the cells of the fat-body accumulate purines but that only certain cells 
included in the fat-body, termed urate cells, contain these excretory 
products. This supposition is supported by Bruntz in diplopods, by 
Cuénot in Orthoptera, and by Fabre in the wasp Spher. On the other 
hand, de Boissezon (1930) maintains that there are no special urate cells 
in the fat-body of larvae, pupae, and adults of the mosquitoes, Culex 
pipiens and Theobaldia annulata, and that the fat cells themselves con- 
tain the brown excretory (?) granules which are purines according to 
his tests. 

In the pupae of pierid butterflies most, if not all, of the uric acid is 
in the fat-body (Wigglesworth, 1924). Shortly before emergence some 
is transferred to the wings and more is transferred to the gut. Hopkins 
(1895) and Wigglesworth (1924) showed that “the white pigment of 
the wing scales of pierid butterflies is due to uric acid and that the yellow 
pigment is due to uric acid derivatives.’”’ The wings of pierid butterflies 
are thus kidneys of accumulation. ‘The white wing pigment, leucop- 
terine, of certain butterflies, and the bright yellow pigment, xanthop- 
terin, of the wasp are . . . formed by the condensation of three uric acid 
ring systems” (Baldwin, 1937). Carotin, a fortuitous substance in 
animals, is also deposited in the integument as a colorant and excretory 
product (Knight, 1924). 

Now as to the question of the function of the “‘nephrocytes.”’ Urates, 
hippurates, or succinates, injected into the blood, do not appear to be 
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* absorbed by these cells (Hollande, 1921). Hollande’s view, based on 
some inconclusive tests, is that the nephrocytes absorb proteins from 
the blood during metamorphosis and elaborate hydrolytic products of 
proteins which would be utilised by the newly forming body cells. 
There are three drawbacks in this theory: 1. A molecule with the 
magnitude of that of protein cannot pass through a cell membrane. In 
fact, enzymes (i.e., catalytic proteins) have never been known to be 
secreted by a cell without a rupture of the cell membrane at the point 
of secretion. 2. A condition in the cell which is so acid as to be extra- - 
ordinarily favorable for the peptic hydrolysis of proteins would probably a 
| result in an autolysis of the cell as a whole (Loeb, 1916). 3. Nephro- 
cytes are present in arthropods which do not metamorphose. Hollande 
found no glycogen in these cells and concluded that they, therefore, do 
not act as carbohydrate stores. Certain of Hollande’s (1923) observa- 
tions on lepidopterous larve (p. 54) do indicate rather strongly that 
| the nephrocytes are primarily detoxicating rather than excreting cells. 
| Their location close to the absorptive portion of the alimentary tract and 
| directly in the path of the blood on its way from the gut to the heart 
corroborates such a conclusion. In fact, this is the only conclusion 
| that Cuénot and Bruntz were warranted to make from the results of 
| their staining techniques. 
| B. Urrnation. In several cases, among species possessing Mal- 
pighian tubes in table 1, the lumen of the hind gut is filled with purine 
crystals or concretions. These are, in most cases, materials which are _ 
discharged into the cavity of the hind gut from the lumina of the Mal- a 
pighian tubes. How are the contents of the cavities of the Malpighian 
tubes forced into the lumen of the alimentary tract? Hamilton (1931) 
asserted that the Malpighian tubes of the water scorpion, Nepa cinera, 
have no muscle fibers. Eastham (1925) and Graham-Smith (1934), on 
the other hand, noted that the proximal regions of the Malpighian tubes 
of the flies, Drosophila funebris and Calliphora erythrocephala, respec- 
tively, have circular and longitudinal muscles which are continuous with 
those of the mid gut. This is also true of bees (Trappman 1923; Mori- 
son, 1927), gryllids (Léger and Dubose, 1899), and Melolontha larvae 


(Veneziani, 1905). Eastham observed peristaltic movements in the ; 
proximal regions of the tubes. The tubes of narcotised animals exhibit 
peristaltic movements, which discharge the excretory products into the 
gut. The Malpighian tubes of the larvae of dytiscid beetles, likewise, 
undergo peristalsis after a meal (Portier, 1911). 
Regardless of whether or not peristaltic movements are undergone by 


| 
| 


36 N. S. ROYSTON MALOEUF 


the walls of the Malpighian tubes of a given species, it seems very 
possible that the secretion of purines in the distal half of the tubes and 
the continuous circulation of water in the lumen of the tubes from the 
distal to the basal end of the tubes (v. infra and fig. 3) should effect the 
passage of materials from the lumen of the tubes into that of the gut. 

The walls of the bladder of the antennal kidney of Crustacea are con- 
tractile. “Upon taking a lobster in the hand, a fine jet of liquid is 
sometimes thrown from the papilla (of an antennal kidney) to a height 
of an inch or more” (Herrick, 1909). 

C. EXCRETION AND LOSS OF WATER. In many species considerable 
amounts of water are taken with the food or, as occurs in a number of 
freshwater forms, e.g., crayfish (Maloeuf, 1937a) and Chironomus larvae 
(Wigglesworth, 1933), passively diffuse into the haemolymph through 
permeable regions of the integument. The excess water must be elimi- 
nated if the osmotic pressure of the hemolymph is to remain fairly 
constant. On the other hand, there are numerous arthropods, such as 
those which live on food that is deficient in water, in which the conserva- 
tion of water is of great importance. 

1. Excretion by the Malpighian tubes. Insects which gorge themselves 
with liquids, such as the sap of plants or the blood of animals, absorb 
an excessive amount of water into their hemolymph through the walls 
of the alimentary canal. The liquid is, however, soon largely eliminated 
through the anus after reabsorption by the Malpighian tubes (Lester 
and Lloyd, 1928; Wigglesworth, 1932). 

The urine of all fluid-sucking insects is clear and relatively dilute for 
the first several hours after a meal but later becomes much more concen- 
trated and eventually almost as solid as it is among terrestrial arthro- 
pods which feed on nothing but relatively dry material, e.g., stored 
grains or wood. It is, therefore, evident that there is an adjustment 
of water excretion in fluid-sucking insects. A specific example of such 
is the mammalian blood-sucking bug, Rhodnius prolixus (Wigglesworth, 
1931a, b, c). 

By ligating a Malpighian tube of the bug in vivo, Wigglesworth ob- 
served that the distal portion of the tube distends while the basal third 
does not. It was thus concluded that water is absorbed into the tube 
through its distal two-thirds. The almost completely solid content 
of the basal portion shows that water is reabsorbed into the hemolymph 
through this portion (fig. 3). These processes were observed long after 
a meal, when the urine excreted has almost no water (see also Lison, 
1937, 19374). 
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The diffusion of water from the tubes back into the hemolymph occurs 
against an osmotic force and, therefore, requires work for its occurrence. 
Judging from what happens in Crustacea and other invertebrates 
(p. 44), we would suppose that the energy to supply this work is 
furnished by oxidations, and we would thereupon expect a relatively 
rich tracheal supply to the cells of the basal portion of the Malpighian 
tubes, which is, in fact the case (see Snodgrass, 1935, p. 418). 

Differentiation of a Malpighian tube into transverse histologically 
distinct portions is of general occurrence (von KoOlliker, 1858; Mayer, 
1874; Schindler, 1878; Samson, 1908; Lincent, 1912; v. Gorka, 1914; 
Pantel, 1914; St. Hilaire, 1927; Garbarskaja, 1929; Argeseanu and 
Feyel, 1934; Kornhauser, 1934) and hence suggests that the manner 
of the circulation of water and the formation of the insoluble uric acid 
that was noted to occur during the excretory processes of Rhodnius 
(fig. 3) may be the general condition. Histological changes of the 
epithelium of the Malpighian tubes during liquid feeding in Rhodnius 
(Wigglesworth) help satisfy the query as to why it is that after the 
animal has gotten rid of the excess fluid, water is no longer significantly 
excreted. 

Is the initial fluid and relatively voluminous character of the urine 
of blood-sucking insects of economic significance to the animal in the 
elimination of a presumably excessive amount of water, and thus in 
maintaining the proper osmotic pressure of its blood, or else is it of 
primary importance in the excretion of the salts contained in the mam- 
malian blood and presumably absorbed into the hemolymph? The 
work of Wigglesworth makes it likely that the latter condition is true 
since the urine excreted has an osmotic pressure equivalent to a A of 
0.68, which is within the range of the A of the blood of freshwater and 
terrestrial arthropods (Widmark, 1910; Barrat and Arnold, 1911; Bach- 
man, 1912; Polimanti, 1915; Porter and Duval, 1927; Harnisch, 1934) 
and indicates that the osmotic pressure of the hemolymph of the bug 
is not markedly changed upon the ingestion of a copious meal of mam- 
malian blood. The fluid urine thus serves for the elimination of most 
of the NaCl, KCl, urea, and sulfate contained in the foreign blood. It 
should be noted that the blood of insects is singularly low in Na (Bre- 
cher, 1929; Drilhon, 1934) and rich in amino acids which give it the 
greatest component of its osmotic pressure (Duval, Portier and Cour- 
tois, 1928; Bishop, Briggs, and Ronzoni, 1925; Heller and Moklowska, 
1930). 

Wigglesworth observed that there is a continuous inflow of water 


| 
| 
| 
| 


38 N. S. ROYSTON MALOEUF 


into the hemocoele of mosquito larvae by passage through the anal 
gills when the animals are in fresh water, their native habitat. The 
water so imbibed is excreted at a constant rate through the anus after 
absorption through the Malpighian tubes. He believed that this is 
an adaptation to clear fecal matter from the rectum and that the 
passage of this water through the mouth would involve a dilution of the 
enzymes in the lumen of the mid gut. It is very probable, on the other 
hand, that the permeability of gills to water and the elimination of a 
hypotonic excretion does not have any significance of its own in the 
economy of a crayfish (fig. 1A) or of a mosquito larvae and that this 
permeability 1s merely a consequence of the thinness and constitution of the 
cuticle in these regions. Thus, a crayfish or a freshwater crab will live 
indefinitely and maintain a constant weight in an isotonic solution (Herr- 
mann, 1931; Maloeuf, 1937a). The estuary crabs, Eriocheir and Tel- 
phusa (Schlieper, 1935), even when in fresh water, do not take in water 
continuously because of an integument almost impermeable to water. 
Certain species of mosquitoes and flies (Henneguy, 1904; de Vogel, 
1907 ; Sergent, 1909) and Artemia salina (Medwedewa, 1927) are known 
to breed in hypertonic media, i.e., in solutions in which water is not 
absorbed from the exterior. This is also true for all marine inverte- 
brates (fig. 1 B), which dwell in an isotonic medium—sea water. 

2. Excretion by rectal sacs. The larvae and adults of dytiscid beetles 
possess large, sac-like, rectal appendages which distend enormously 
with a clear fluid after a meal and which possess contractile walls (Por- 
tier, 1911). This fluid may be an accumulated watery urine similar 
in nature to that excreted by many blood-sucking insects soon after 
feeding. 

3. Excretion of water by ‘‘coxal glands’’. The water-excreting action 
of the coxal glands of ticks—blood-sucking animals—has already been 
described (p. 29). 

4. Excretion by the antennal kidneys. Many freshwater-dwelling 
Crustacea, such as crayfish and freshwater crabs, eliminate a copious 
and very hypotonic urine (A = 0.09°C.) from the antennal glands. 
This at once suggests that these animals imbibe water from their hypo- 
tonic surroundings (fig. 1A). I showed (Maloeuf, 1937a) that, in the 
crayfish at least, the gill filaments are the only portion of the in- 
tegument which is permeable to water and that the animals do not 
normally take in water through their mouths. Since the animal main- 
tains a constant weight when in its natural habitat (fresh water) and 
since the anal valves are closed except during defecation, it may be 


| 

| 

| 

| 

4 

| 


EXCRETION AMONG THE ARTHROPODA 39 


* assumed that the rate of water drainage by the antennal kidneys equals 
the rate of water intake through the gill filaments. When a freshwater 
crab is placed in saline media the urine becomes less copious and more 
concentrated (Herrmann, 1931; Schwabe, 1933). 

Marine arthropods, such as the lobster (fig. 1 B), have a blood z that 
approximates that of the medium. As a consequence, there is very 
little or no inflow or outflow of water among such forms and their urine 
is thus relatively scanty and approximately isotonic with their blood. 

It should be mentioned, however, that Boivin (1929) found that the 
marine crab, Maza, will excrete 200 ec. of a blood-isotonic urine per 24 
hours through its antennal kidneys soon after a molt. He thinks this 
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Fig. 1. A. Scheme showing the excretory process performed by the antennal 
kidney of a freshwater crustacean in its natural habitat. 


B. Scheme showing the excretory process performed by the antennal kidney 
of a marine crustacean in its natural habitat. ; 


(Based on the results of Cuénot, 1895; Bruntz, 1904, 1905; Delaunay, 1927; 
Scholles, 1933; Schwabe, 1933; Schlieper, 1935; Picken, 1936; Maloeuf, 1937b). 


apparent waste is explained by the necessity of the withdrawal of cal- 
cium salts from the external medium to impregnate the newly formed 
cuticle, for calcium in the water can be utilised in the calcification of 
the skeleton (Irvine and Woodhead, 1888-89). Since the copious urine 
is blood-isotonic, this crab, unlike the grapsid crabs studied by Baum- 
berger and Olmsted (1928), may ingest sea water soon prior to molting 
and not draw pure water (probably by way of the gills) as a sheer dilu- 
tion process. This would indicate that, unlike the grapsid crabs, the 
osmotic pressure of the blood of Maza does not rise prior to molting. 
The factor of membrane permeability is an important determining 
condition in the tonicity of the urine. Thus, the estuary crabs, Tel- 
phusa and Eriocheir, excrete a blood-isotonic urine even when in fresh- 
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water. This indicates that their integument is almost, if not entirely, 
impermeable to water (Schlieper, 1935). 

5. Loss by way of the spiracles. Ina very dry atmospher: a terrestrial 
arthropod may eliminate so much water as would cause it to perish 
Since the relatively large quantity of water eliminated under such condi 
tions does not represent an excessive amount of water held by the ani- 
mal, with respect to its own economy, the process is not excretory. It 
is, with respect to the organism, a definite loss. The effects of atmos- 
pheric humidity on the rate of water loss are, however, treated in this 
paper. Cogent reasons have been given (Gunn, 1933; Mellanby, 1934, 
1935, 1935a) for considering the major component of the water lost by 
a tracheate which does not feed on liquids to occur by way of the 
spiracles. 

The rate of water loss from an air-exposed inanimate surface varies 
linearly with the saturation deficiency of the surrounding stationary air 
(fig. 2, Dalton’s law). Since the tracheal system is an air-exposed sur- 
face and since an arthropod is a poikilotherm, one might expect the same 
direct linear relationship to hold between the saturation deficiency of 
the atmosphere and the rate of water loss. In all experiments carried 
along this line the rate of loss in the wet weight of fasting insects was 
taken to represent, with great approximation, the rate of water loss. 
This assumption Gunn showed to be quite justifiable. In fact, over 
twenty years before Gunn’s paper appeared, Parhon (1909) found that 
the rate of wet weight loss in adult fasting honeybees at various tem- 
peratures coincides quantitatively with the rate of water elimination 
since the curve for the rate of water elimination coincides quantitatively 
with that from which the loss in weight due to loss resulting from the 
oxidation of carbon compounds is subtracted. The later work of Bux- 
ton (1930) and Mellanby (1932, 1934) on fasting larvae of the beetle, 
Tenebrio molitor, is a confirmation of such. 

Gunn (1933), using the cockroach (Blatta orientalis), demonstrated 
that the rate of water loss does not follow Dalton’s law for an inanimate 
surface. He used two relative humidities (0 per cent and 50 per cent) 
and found that the rate of loss is not proportional to the saturation 
deficiency, for the values at 50 per cent R. H. and at 0 R. H. fall on two 
separate lines neither of which is straight (fig. 2). There was an initial 
regulation of the rate of water loss which could, however, be maintained 
under a greater saturation deficiency in dry air than in moist atmos- 
pheres. At about 30°C. the animal suddenly lost all ability to regulate 
its water loss (fig. 2). The initial regulation was probably caused by 
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spiracular regulation. Heller (1933) found a marked resistance to water 
loss in the pupa of the moth, Deilephila euphorbiae, at the constant 
temperature of 20°C. 

The decline in weight, i.e., the rate of water loss, of starving adults of 
Pimelia bajula (Bodenheimer, 1932) varies inversely, though not 
linearly, with the relative humidity. A singular occurrence was ob- 
served by Bodenheimer (1929) on second and third instar larvae of the 
desert locust, Schistocerca gregaria. When made to starve in various 
humidities they lost most at 0 per cent R.H. and least at 100 per cent 
R.H., but they lost more at 60 per cent R.H. tuan at 20 per cent R.H. 
At constant temperature and constant relative humidity the rate of 
water loss is constant over a prolonged period (Buxton). 


% loss of wet wat May 
6 8 88 5 


Saturation deficit (mm. Hg) 


Fig. 2. The rate of water loss (= rate of loss of wet weight) of fasting cock- 
roaches, Blatta orientalis, at various temperatures in atmospheres of 0 per cent 


and 50 per cent relative humidity as compared to an inanimate surface. (After 
Gunn.) 


The effects of atmospheric moisture on the maintenance of the life of 
fasting land arthropods run between two extremes. There are species, 
such as the desert locust (Schistocerca gregaria), in which the duration 
of life is a direct linear function of the relative humidity (Bodenheimer). 
On the other hand, the mature larvae and adults of a North American 
grasshopper, Chortophaga viridifasciata, endure the same length of time 
(5.5 to 6.6 days) at all relative humidities, including 0 per cent R.H. 
Ludwig (1935) therefore suggested that the cause of death is starvation 
rather than desiccation. One would, however, suspect that the death 
of these grasshoppers was caused by a factor of which Ludwig was not 
aware, since Bodine (1921) had found that these grasshoppers will live 
well beyond a hundred days without the intake of solids or water. The 
larvae of the flour beetle, Tenebrio molitor, generally live a month at 
30°C. and R.H. of 0 per cent (Buxton). Cousin (1929) placed larvae of 
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the blowfly, Lucilia sericata, in an anhydrous atmosphere at 33°C, 
Sixty to 80 per cent of the individuals began to metamorphose in 3 days; 
the rest died in the larval stage. If the same conditions were main- 
tained longer, death followed within a few weeks. 

Headlee (1917) found that the length of life of the feeding larvae of 
the bean weevil (Bruchus obtectus) and of the grain moth (Sitotroga 
cerealella) varies directly, within limits, with the relative humidity. 
The reverse was true for the adult bean weevil. Since the length of life 
of an insect is, other things being equal (Alpatov and Pearl 1929), an 
inverse function of the rate of energy transformation (i.e., of metab- 
olism), Headlee considered that for each insect there is a certain bodily 
water concentration which will permit physical and chemical changes 
to occur with greatest speed and thus render the duration of life minimal. 

The question of the duration of the life and other functions of an 
insect with respect to the concentration of atmospheric moisture is one 
of great importance in applied work. Thus, Headlee found that the 
bean weevil cannot reproduce at an R.H. of 26 per cent or below (at 
ordinary temperatures) and it was suggested that dry air may be used 
to preserve bean seeds from weevil injury. The water content of the 
soil is an important factor in the distribution of many terrestrial arthro- 
pods. Thus, the optimum R.H. for the length of life of the centipede, 
Scutigerella immaculata, is 80 per cent. This animal lived about 25 
days when submerged in aerated water (Friedel, 1928). 

6. Loss by way of the general outer integument. Animals which have 
a cuticle that is permeable to water will lose water when placed in hyper- 
tonic media or when placed in dry atmospheres. 

A water-saturated atmosphere is necessary for the survival of all the 
Collembola studied by Davies (1928). Those devoid of a tracheal sys- 
tem were more susceptible to dryness than the tracheate species of the 
group. This may be due to the thinner cuticle probably possessed by 
the atracheate forms, or to the apparent necessity of moistening a cu- 
ticular surface for adequate respiratory exchange, and is an apparent 
exception to Mellanby’s (1934) rule that “‘insects inhabiting dry environ- 
ments require effective spiracle-closing mechanisms, and not thick 
sclerotized cuticles.”’ 

D. EXCRETION OF MINERALS. Exogenous mineral excretion in blood- 
sucking insects has already been noted (p. 37). Minerals are also 
often eliminated in combination with purine bodies (products of protein 
catabolism) in the form of calcium, sodium, or potassium urates (table 
1). Von Gorka (1914) very frequently found calcium oxalate in the 
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‘Malpighian tubes of the beetles, Gnaptor spinimans and Nurophorus 
humator, especially when the insects were in a state of starvation. The 
oxalate is probably an endogenous excretion for it was produced in 
greater amounts during starvation. Oxalic acid is a normal constituent 
of human urine but is abnormally abundant in the urine of diabetie in- 
dividuals and in certain pathological conditions, such as of the liver, 
heart, or lungs, in which cellular oxidations are impaired. It may thus 
be that the excretion of oxalic acid is the result of inadequately oxidised 
sugar. The oxalic acid in the beetles, as in man, combines with 
calcium and is thus precipitated as calcium oxalate. The Malpighian 
tubes of the larvae of the moth, Antheraea pernyi (Leifert, 1935a) ex- 
crete the Ca oxalate taken with the food (oak leaves). Ca oxalate 
crystals even impregnate the cocoon of this insect (see also Schloss- 
berger (1858)). 

The larvae of many flies (Keilin, 1921) accumulate and store CaCQs3, 
in the form of a thick suspension, in the cells of the fat-body and Mal- 
pighian tubes. During the first few days of metamorphosis the CaCO; 
dissolves in the hemolymph and passes through the newly formed 
pupal cuticle into the molting fluid between the new cuticle and the old 
cuticle, or puparium. When the exuvial fluid is absorbed the CaCO; 
remains as a deposit on the internal surface of the puparium. At least 
in the blowfly, Lucilia sericata, however, CaCO; is exuded to the exterior 
through the general integument throughout larval life as well as during 
the beginning of the pupal stage (Stewart, 1934a, b). In the fruitfly, 
Drosophila funebris (Eastham, 1925), the elimination of the stored | 
CaCO; takes a different route, being passed to the gut about the sixth 
day of pupal life and expelled from the body only upon the emergence 
of the adult. It is also found in the Malpighian tubes of this fruitfly. 
The larvae of Stratiomyia and Odontomyia (Vaney, 1900, 1902; Kuster, 
1933) deposit CaCQ; in their Malpighian tubes and discharge part of 
this by way of the anus during larval life. Since the production and 
discharge of large quantities of calcium salts is a characteristic of dip- 
terous larvae which feed on decomposing organic material it seems prob- 
able that, in part at any rate, this is effective in preventing a low pH 
of the external medium and thus in inhibiting bacterial growth. 

The bug Rhodnius prolixus discharges slight amounts of sulfur in the 
form of sulfate, by way of its Malpighian tubes, with the concentrated 
urine which follows several days after its meal of mammalian blood. 
Wigglesworth (1931a) thinks that this sulfur comes from the degrada- 
tion of the cystin component of the protein contained in the meal. On 
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the other hand, this sulfur as well as the small amount of phosphorus, 
observed to be excreted as phosphate, may be an endogenous product. 

Work done against osmotic force. Crayfish and freshwater crabs (see 
Schlieper, 1935), in contrast to marine arthropods, secrete a urine that is 
very hypotonic to the blood: Some part of this urinary apparatus must 
be permeable to salts, for a certain amount of salts is secreted and 
this amount rises with the osmotic pressure of the blood. Schwabe 
(1933), Schlieper and Herrmann (1930), and Schlieper (1935) consider 
that both salts and water are absorbed through the coelomosac and 
that the salts are, to a large extent, reabsorbed into the blood through 
the walls of the urinary canal. In support of such a supposition it was 
pointed out that the urinary canal of the freshwater amphipod, Gam- 
marus pulex, is more than twice the length of that of its equal-sized 
marine relative, G. locusta; and that while the freshwater decapods have 
long urinary canals, their marine relatives have no appreciable urinary 
canals (fig. 1). In conjunction with this, the freshwater decapods 
excrete a copious hypotonic urine while their marine relatives excrete a 
blood-isotonic urine. The coelomosac of a freshwater form is definitely 
larger than that of an equal-sized, or even larger, marine relative 
(Schwabe, 1933; Schlieper, 1935). For further anatomical details cf. 
Burian and Muth, 1924. 

The return of salts to the hemolymph and the resultant formation 
of a very hypotonic urine can be produced only by an output of energy 
on the part of the cells of the urinary canal to counteract the osmotic 
force of the blood. Schwabe has, in fact, found that when a freshwater 
crab, Potamobius fluviatilis, is placed in a hypotonic medium, that is, 
when less water passes through the gills and, therefore, less goes through 
the kidney, its rate of oxygen consumption gradually attains a lower 
level than when in fresh water. The exponential respiration-time curve 
indicates a pure diffusion process and that the effect is produced as a 
result of a decline in the diffusion rate of water through the gills. The 
increase in the rate of oxygen consumption of the euryhaline crab, Car- 
cinus maenas, is a direct linear function of the decrease in salinity of the 
sea water (Schwabe). See also the work of Schlieper (1929, 1931), 
Hayes (1930); Beadle (1931, 1934, 1937); Fox and Simmonds (1933); 
Barnes (1934) ; Raffy (1934) ; Lowenstein (1935) ; Maloeuf (1937b) bearing 
out this point with other species. 


1 The euryhaline estuary crab, Carcinus maenas (Nagel, 1934), is incapable of 
excreting a pronouncedly hypotonic urine but maintains a constant blood =z in 
brackish, hypotonic water by taking up salts from the exterior, presumably by 
way of the gills, and secreting such into its blood against an osmotic force. 
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Somewhat contrary results have been presented by Bateman (1933) 
who argues that if the energy necessary for the steady state is liberated 
by oxidations it would be affected by cyanid. While weak cyanid 
(M/15,000 to M/20,000) caused a slightly greater rate of water inhibi- 
tion by Cancer maenas in hypotonic media, it did not abolish the main- 
tenance or acquirement of a steady state. Nothing was known, 
however, as to whether the oxidative metabolism, presumably produc- 
ing the increased amount of work against an osmotic force, was inter- 
fered with. 

Selective secretion of minerals. It has been shown that the minerals 
in the blood of a number of marine forms and of their isotonic environ- 
ment are not in exactly identical relative concentrations (Schwabe, 
1933; Schlieper, 1935). Scholles (1933) has found that the urine of the 
sea-dwelling crab, Eriocheir sinensis (a form inwhich the blood has more 
Ca but less Mg than the sea water) excretes a urine that has less Ca 
and more Mg than the blood. It was therefore concluded that the 
relative differences in mineral concentration between the blood and the 
sea water is due to selective secretion by the antennal kidneys rather 
than to selective absorption through the gut. A similar conclusion 
was reached by Bialaszewicz (1932), with regard to Maza, upon inject- 
ing isotonic solutions of various electrolytes and analysing the urine. 
The differences between sea water and blood cannot be due to differences 
in the absorption of minerals by way of the urinary canals, for marine 
forms which possess such differences do not, in several cases, possess 
urinary canals. There is thus, in marine forms which possess antennal 
kidneys, apparently a selective secretion of minerals, into the kidney 
cavities, by way of the coelomosacs (fig. 1). Although we have no data 
on the concentration of the different minerals in the urine of freshwater 
forms, it is very probable that these forms, too, exhibit selective renal 
secretion, for both their food and their surrounding habitat is so differ- 
ent in constitution from the blood that differences in the rate of the 
mobility of ions through the cells of the alimentary tract (Pantin, 1931) 
probably would hardly account for the mineral constitution of their 
blood. 

The extraordinary relatively high concentration of potassium in the 
bloed of terrestrial arthropods, such as butterflies and honey-bees | 
(Bishop, Briggs and Ronzoni, 1925; Brecher, 1929; Drilhon, 1934), may 
be due to a selective secretion of other minerals into the lumina of the 
excretory organs or it may be caused by a selective absorption of potas- 
sium through the gut into the hemolymph. Owing to the marked 
differences in mineral concentration between the food of these forms and 
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their blood, even Pantin thinks that this cannot be due merely to differ- 
ences in the rate of the passage of different ions through cell membranes. 
The high K concentration, however, of the blood of insects (phytopha- 
gous forms studied only) may be due to the relatively K-rich and Na- 
poor vegetable diet. The kidneys (Malpighian tubes) of terrestrial 
arthropods, also, evidently exert a selective secretion of minerals from 
the blood into their lumina (p. 37). 

K. EXCRETION OF NITROGENOUS WASTES. The nitrogenous products 
of protein degradation in animals are elaborated as urea, purine deriva- 
tives (e.g., uric acid), ammonium salts, free ammonia gas (as in blow- 
fly larvae, table 1), amino acids, and creatinin. The synthesis of appro- 
priate nitrogenous wastes, such as urea and purine derivatives, from the 
cruder nitrogenous substances of protein destruction is paramountly a 
hepatic and not renal function. The discharge of these wastes is the 
primary function of the kidneys. It has appeared evident, however, 
that most, if not all, cells of the body can, to a greater or lesser extent, 
synthesise nitrogenous excretions. Whether cells of mammals other 
than those of the liver can synthesise urea from ammonium carbamate, 
ammonium carbonate, or amino acids, or whether the synthesis of urea 
is performed solely by liver cells, is, as yet, a disputed question. Among 
arthropods, however, Delaunay (1927, 1931) found that in decapod 
Crustacea (Astacus fluviatilis and Cancer pagurus) ammonia, urea, and 
purines including uric acid, and other unknown nitrogenous wastes are 
present in approximately the same concentrations in the hepatopancreas 
(the organ which is sometimes supposed to be, in these animals, the sole 
organ which synthesises nitrogenous wastes) as in the somatic muscles 
and genital organs. The somatic muscles of the crawfish, Palinurus 
vulgaris (Sanzo, 1907), have been found to contain 6.7 per cent urea per 
wet weight as against 21.89 per cent in the hepato-pancreas. 

The same nitrogenous wastes occur in the blood of marine crabs 
(Delaunay, 1927) as in their urine and the concentration of these ma- 
terials is usually greater in the blood than in the urine (table 2). Rela- 
tively large quantities of urates are found in the blood of terrestrial 
arthropods (Bishop, Briggs and Ronzoni, 1925; Jucci and Deiana, 1930). 
These facts indicate that the excretory organs of arthropods, like those 
of vertebrates, do not synthesise nitrogenous wastes to any marked ex- 
tent but primarily excrete such. 

The major component of the nitrogenous wastes of fish, amphibians, 
and mammals (ureotelic animals) is normally urea; of arachnids, diplo- 
pods, chilopods, insects, reptiles, and birds (uricotelic animals) is a rela- 
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tively insoluble purine derivative, such as guanin, uric acid, or ammo- 
nium urate (tables 1 and 3). Crustacea, on the other hand, excrete 
their nitrogen chiefly in the form of ammonia (e.g., Cancer pagurus, C. 
maenas, Astacus fluviatilis) and as amino acids. The crab, Maia squi- 
nado (Delaunay, 1927), excretes most of its non-protein nitrogen in 


TABLE 2 
Nitrogenous materials in the blood and urine of crabs 


CANCER PAGURUS 


NITROGENOUS MATERIALS IN THE BLOOD Blood 
AND URINE 
sane Per cent of | 45-1): Per cent of 
per 10 | | per ce | 
SS Ee 0.14 20.0 6.70 44.6 
Undetermined N....................... 0.08 11.5 6.0 41.6 


MAIA SQUINADO 


Evacuated excretory Blood 
NITROGENOUS MATERIALS IN THE BLOOD fluid 
AND URINE 
oH: Per cent of | y,-y): Per cent of 

| | peri ex | 
2.3 27.9 3.3 27.3 
0.16 2.1 0.58 4.8 
0.10 1.3 0.10 0.8 
3.55 48.6 5.6 49.2 


the form of an as yet undetermined substance (see tables 2 and 3) which 
is probably a trimethyl amine (Marchal, 1890). This crab, unlike Can- 
cer pagurus (table 2) and other decapod Crustacea, contains an even 
greater amount of protein nitrogen than non-protein nitrogen in its 
urine. Its blood, like that of other arthropods, is rich in protein and 
amino acids, but its kidneys are, relative to those of other decapods, 
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TABLE 3 


Nitrogen partition (in per cent of total non-protein nitrogen excreted) in the urine of 
various arthropods 


ARTHROPOD < 4 = INVESTIGATOR 
o | @ 
8/8) 
CRUSTACEA: 
Crab (Cancer pagurus).......... 42.9 |20.0| 12.810.0, 2.8 Delaunay (1127) 
Crab (C. 71.4 | 2.2) 3.9| 0.6, Delaunay (1927) 
Crab (Maia squinado).......... 12.0 |27.9| 2.1) 6.6) 1.3) Delaunay (1927) 
Crayfish (Astacus fluviatilis), 
61.7 | 5.9 11.7) 6.4) 1.2) Delaunay (1927) 
Crayfish (Astacus fluviatilis), 
64.5 |11.8 11.8) 3.7) 0.8, Delaunay (1927) 
INSECTs: 
Silkwork (Bombyx mori)........ None 85.8, Farkas (1903) 
Clothes moth (Tinea pellionella) .|10.22*,10.0) 17.6 47.3) Babeock (1912) 
. (Analyses by E. 
V. McCollum). 
Clothes moth (Tiniella crinella)., 20.7 | 1.8 77.5, Hollande and Cor- 
debard (1926) 
Moth (Atlacus pernyi).......... 1.8 | 9.5, Tr 80.8 Courtois (1929) 
Moth (Saturnia pyri)........... 1.1 | 8.3) Tr 81.8) Courtois (1929) 
Moth (Sphinz ligustri).......... 3.8 | 9.3) Tr. 80.6 Courtois (1929) 
Moth (Antheraea pernyi) larvae.) 4.4 | 6.7 89.0 Leifert (1935a)t 
A. pernyi (soon after pupation). 5.1 | | oe 85.0, Leifert (1935a)t 
A. pernyi (4-week pupation)....| 4.7 | 7.4 86.0) Leifert (1935a) ft 
A. pernyi (over-winter pupation)) 4.1 | 85.0 Leifert (1935a)t 
Insects, ARACHNIDS, CHILOPODs, 
and DipLopops............... Excrete uric acid or some other relatively 
insoluble purine derivative as the pre- 
dominant nitrogenous excretion. See 
table 1 


Tr. = trace. 


* «|. the amount of ammonia in the excrement has nearly the right relation 
to uric acid to form ammonium urate, a very insoluble compound which is voided 
solid with a minimum loss of water’’ (Babcock). 

+t Analvses of whole organism. 


not effectively impermeable to proteins. The relatively large amount 
of amino acid nitrogen excreted by arthropods (tables 2 and 3) also 
shows that their kidneys are not impermeable to amino acids. 
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By far the predominant nitrogenous products of protein degradation 
in the terrestrial arthropods are the relatively insoluble purine deriva- 
tives (tables 1 and 3). Scorpions excrete guanin and have never been 
found to excrete uric acid. 

The relationship of the availability of water to the excretion of rela- 
tively insoluble purines or of soluble nitrogenous wastes as the predomi- 
nant nitrogenous products of protein destruction in a given species is 
now well known and has been treated by v. Firth (1903), Babcock (1912), 
Clementi (1915), Needham (1929, 1931) and Baldwin (1937). Terres- 
trial arthropods in general do not drink and rely on water taken with 
the food. Water conservation in these forms is thus, even in post-natal 
life, of economical importance. 

The uric acid excreted by ureotelic animals is only a product of the 
degradation of their tissue nucleic acids (endogenous) and of the purines 
taken in with the food. The purine material excreted by uricotylic 
animals is the major nitrogenous component of the destruction of all 
their tissue proteins and of their food proteins. The relatively large 
quantity of urea eliminated by a mammalian blood-sucking insect (e.g., 
Rhodnius prolixus) is merely an exogenous excretion or detoxication 
process. The amount of urea resulting from catabolism is relatively 
slight or absent in insects (table 3). 

How does Rhodnius or any terrestrial arthropod extract the purine 
from its blood and eliminate it in the insoluble form of uric acid? Wig- 
glesworth (1931c) has given an adequate answer to this query. The cir- 
culation of water in the Malpighian tube at this stage and the histologi- 
cal differences between the two different portions of a Malpighian tube 
have been mentioned earlier. The purine in the blood probably exists 
as the relatively soluble neutral potassium salt of uric acid (K.U). This 
salt as well as water is secreted into the lumen of the distal portion of 
the Malpighian tube and this portion of the tube is about neutral (pH 
= 7.2). Further basally down the tube, uric acid crystals appear and 
the tube in this region is acid (pH = 6.6). Still further basally, the 
spherules of uric acid are more numerous and the contents of the lumen 
become solid due to a passage of water out of the lumen in this region. 
To explain the formation of uric acid out of its potassium salt Wiggles- 
worth assumes that the acid condition necessary for this event is pro- 
duced in the lumen due to the respiration of the epithelial cells. The 
circulation of water prevents the accumulation of carbonic acid in the 
lumen of the distal portion. I have substituted the dibasic salt of uric 
acid for the monobasic salt (KHU) in Wigglesworth’s diagram (fig. 3) 
because KHU is weakly acid and would probably give the distal portion 
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of the tube a pH lower than 7.2 and because the dibasic salt is more 
soluble in cold water.? 

In diplopods, chilopods, and acarins, so far as known, and in insects, 
guanin has never been found when it has been looked for. On the other 
hand, scorpions do not excrete uric acid but excrete guanin in large 
amounts. Among spiders, both uric acid and guanin are excreted (table 
1). From this we may infer that scorpions and some spiders probably 
do not possess the necessary oxidases for the oxidation of guanin to 
uric acid. Przylecki (1926) detected a formation of uric acid from 
guanin to which had been added macerated tissue of the larvae of pierid 
and vanessid butterflies. The discovery of Ackermann (1922) of 
uncombined adenin and hypoxanthin in Melolontha beetles, indicates 
that insects do possess adenase (a deaminase) and hypoxanthin oxidase 
by which uric acid is synthesised from the purine sister of guanin, 
namely, adenin. The absence of guanin or adenin in the excreta of most 


KU+HOH 
pH 7.2 


Fig. 3. Diagram showing the manner of excretion of uric acid by Malphighian 
tube of the bug, Rhodnius prolizus. (After Wigglesworth, somewhat modified.) 


insects is, thus, evidently due to the rapid oxidation of such to uric 
acid. 

Are uric acid concretions in cells of the fat-body degradation products 
of the proteins of these cells solely, or are they, to a considerable extent, 
the outcome of materials (such as the relatively soluble dibasic urates) 
absorbed from the blood and accumulated in the insoluble form of uric 
acid and monobasic urates? Because the cell nuclei contain nucleo- 
proteins which are, in part, composed of purines such as adenin and 
guanin, de Boissezon (1930) believed that the urate concretions in the 
cytoplasm are the result of the splitting up of nucleoproteins into nucleic 
acids and proteins. In his ascribing the origin of uric acid in these 
cases solely to the nucleic acids, de Boissezon was undoubtedly inter- 
preting phenomena in terrestrial arthropods in terms of mammalian 
physiology—a procedure also undergone by Akao (1930). He observed 
that in mosquitoes purine granules do not appear in the fat cells till 


2 Tabulae Biologicae, vol. 3, p. 307. 
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the second larval instar and that they thereafter continue to increase. 
They become particularly abundant in the adult mosquito after hiber- 
nation. From this it is quite evident that there is a gradual accumula- 
tion of insoluble purine material in these cells but it is not safe to say, 
with nothing but these facts at hand, whether these inclusions are 
merely the products of degradation of the proteins of the cells in which 
they exist or whether they are also in large part accumulations of sub- 
stances absorbed from the hemolymph such as soluble dibasic urates. 
It seems probable, however, for the following reasons, that the latter is 
the case: 1. Organs that we definitely know to be excretory (the mid 
gut of the Collembola and the Malpighian tubes) have bee: >served 
to accumulate uric acid concretions within their epithelia. 2. The 
presence of uric acid concretions in cells of the fat-body is especially 
true of the pupal period, a stage in which urination does not occur. 
3. There is no reason to suppose that the urate-containing cells of 
the fat-body have a higher rate of metabolism than other cells and 
thus catabolise more protein. 4. The intracytoplasmic uric acid con- 
cretions are often relatively large in mass as compared with the rest 
of the cytoplasm from which they, therefore, are probably not wholly 
derived. It is thus quite evident that the urate-containing cells of 
the fat-body are “kidneys of accumulation.’”’ The important work 
of Leifert (1935a, b) corroborates this conclusion and shows that 
these cells are also hepatic in that they can manufacture nitrogenous 
wastes (uric acid). 

Animals which degrade uric acid to allantoin and other products are 
sometimes termed uricolytic, while those which do not degrade uric acid 
are classified as uricostatic. The destruction of uric acid with the 
consequent formation of allantoin varies quantitatively among mammals 
according to the species. Due to this variation there has arisen the 
term “uricolytic index” in which a value of 100 implies that all the uric 
acid excreted is oxidised (to allantoin) while a value of 0 means that none 
of the uric acid excreted is oxidised (Hunter and Givens, 1914; Hunter, 
1916-1917). Batelli and Stern (1913a) found that ground tissues of lar- 
vae, pupae and adults of Musca flies, silkmoths, and May beetles do not 
contain uricase. Their results were confirmed by Truszkowski and 
Chajkinéwna (1935) who, however, found that Musca domestica larvae 
are strongly uricolytic, containing no uric acid in their excreta. Przy- 
lecki could find no uricase in decapod Crustacea (Astacus fluviatilis, 
Maia, Platycarcinus pagurus) and the larvae of vanessid and pierid 
butterflies. He concluded that no uricotelic animals possess uricase. 
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Leifert’s (1935a, b) extensive work on the moth, Antheraea pernyi, shows 
such a generalization to be erroneous. Blowfly larvae excrete allantoin 
(Robinson, 1935; Truszkowski and Chajkinéwna, 1935) but, in view of 
the fact that they excrete large quantities of free ammonia gas (Wein- 
land, 1906, 1908; Hitchcock and Haub, 1935; Messer and McClellan, 
1935; Brown and Farber, 1936) which may be the major component 
of their nitrogenous excretory products, these insects are probably not 
uricotelic. This is in favor of Przylecki’s conclusion. Ammonia ex- 
cretion declines during metamorphosis and is absent in the adult (Hitch- 
cock and Haub, 1935; Brown and Farber, 1936). 

The well known beneficial effect of blowfly larvae in the healing of 
certain wounds (see Baer, 1931) is largely due to the presence of allan- 
toin in their excreta (Robinson, 1935). The larvae cause bacteriostasis 
by rendering the surrounding medium more alkalin than pH 7.4 by 
the excretion of ammonia (Messer and McClellan, 1935) and CaCO; 
(Stewart, 1934b). After publishing his discovery, Robinson noted that 
an English country physician, Macalister (1912), first used and recog- 
nised allantoin as being the healing substance of various herbs including 
the comfrey—appliances that had been used by the ancients for wound- 
healing purposes. 

Arthropods which do not undergo auricotelic type of metabolism (most 
of the Crustacea, table 1) are chiefly aquatic forms which lay their eggs 
in water and, therefore, both embryos and adults have an unlimited 
supply of water. Certain copepod Crustacea (Cyclopsine, Cyclops, 
Chondracanthus) are exceptional in that they apparently undergo a 
uricotelic metabolism, excreting uric acid through the epithelium of the 
gut (table 1). No uric acid or even urea could be found at any time 
in the excretion of the antennal kidney of the crayfish, the crab, Maza 
squinado, and the crawfish, Palinurus vulgaris (Marchal, 1890; Przylecki, 
1926). Krukenberg (1880), too, could not find uric acid in the excre- 
tion of the antennal kidney of various crabs and the lobster, Homarus 
vulgaris. Griffiths (1885), on the other hand, found uric acid in the 
excretion of the kidney of the crayfish in addition to traces of the purine, 
guanin. Gorup-Besanez and Will (1848) were in doubt as to whether 
the antennal kidney of the crayfish contained guanin though their 
results seemed to indicate that it did. Boivin (1929) found traces of 
uric acid in the excretions of the antennal kidney of the crab, Maia 
squinado. The thorough and quantitative work of Delaunay (1927, 
1931) has left no doubt as to the presence of urea, uric acid, and other 
purines in the excretion of the antennal kidney of various decapod 
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* Crustacea. His results (tables 2 and 3) show, however, that urea and 
purines form only a very small fraction of the nitrogenous wastes in 
these forms. The chief component of the nitrogenous wastes in all the 
forms studied (except Maza squinado) isammonia. In Maia, Marchal’s 
(1890) work suggests that most of the non-protein nitrogen in the urine 
is a trimethyl amine. For the pronounced occurrence of trimethyla- 
mine and free glycine in the tissues of decapod Crustacea see Berlin 
(1910-11), Hoppe-Seyler (1928, 1933), Ackermann (1935), and Kutscher 
and Ackermann (1936). It is significant that many decapods feed on 
putrefying material and that trimethyl amine and glycy! betaine are 
detoxication products. 

Secretion of nitrogenous materials. For the following reasons it is 
very probable that nitrogenous wastes are secreted into the lumen of 
the antennal kidney by the cells of the labyrinth of this gland (fig. 1): 
1. The urinary canal is absent in many marine Crustacea and therefore 
cannot be concerned with the elimination of nitrogenous wastes, but - 
probably secretes minerals back into the hemolymph (p. 44). 2. 
The coelomosac is smaller in marine forms than in their equal-sized 
freshwater relatives. It is thus probably concerned solely with the 
absorption of water and minerals from the hemolymph. 3. The 
labyrinths are definitely basic as shown by their rapid decolorisation 
of acid fuchsin. Hence, in order to render the fuchsin stain visible in 
such, it is necessary to bathe the labyrinths in acid (Cuénot, 1895). 
Bruntz (1904, 1905) similarly showed that the labyrinth is the only 
region of an antennal kidney that will absorb indigo carminate (an acid 
dye) injected into the hemocoele while the bladder absorbs ammonium 
carminate. Since the sum total of the nitrogenous wastes eliminated is 

undoubtedly basic, having large quantities of ammonia, these are pre- 

cisely the results one would expect if these wastes are absorbed only by 
the labyrinth. 
Regarding the expiration of free nitrogen gas from the body, Krogh 
(1906), working with the pupa of the lepidopteron, Smerinthus ocellatus, 
| concluded that ‘‘the production of nitrogen observed .. . is extremely 
small (0.056 ec./kgm./hour) and hardly beyond the limits of error.” 
Wigglesworth (193la) found small amounts of creatin in the urine 
of Rhodnius. This is very probably an elimination of the creatin taken 
| in with the diet of mammalian blood. Creatin is not excreted by mam- 
mals when not absorbed in excessive amounts and, in vertebrates, is not 
| a nitrogenous waste but is used in the formation of phosphocreatin, an 
important constituent of vertebrate muscle. The degradation product 
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of creatin found in the excreta of vertebrates is creatinin, a compound 
obtained by the dehydration of creatin. The urine of this bug does not 
contain protein. This is probably true of terrestrial arthropods in 
general. 

F. ELIMINATION OF ALKALOIDS. The tissues of many plants on 
which insects feed contain alkaloids. Since these are toxic substances 
we would expect them to be effectively eliminated or detoxicated by 
insects which thrive on such plants. In fact, Hollande (1923) observed 
crystalline inclusions in the vacuoles of cells of the mid gut of various 
lepidopterous larvae (Tinea ferrugana, Cnethocampa processiona, Thecla 
tlicts, Phycis tumidella, and Tinea complanella) which had been feeding 
on oak leaves. Tests indicated that these crystals are alkaloids, prob- 
ably tannins. The same substance was found in the nephrocytes and 
indicates that these cells have a detoxicating function. 

APPENDIX. The important inaugural dissertation of H. Peters 
(1935, Z. Morph. Okol. Tiere 30: 355) from Prof. Carl Schlieper’s lab- 
oratory at the Philipp-Universitit, Marburg, was unfortunately over- 
looked when this paper went to press. Peters punctured various por- 
tions of the antennal kidney of the crayfish with a micropipette and 
analysed the contained fluid for [Cl]. In the coelomosac and laby- 
rinth the urine was blood-isotonic. Only in the urinary canal did the 
urine become blood-hypotonic. This evidence is direct and conclusive 
in showing that the urinary canal cells perform work against an os- 
motic force which results in a markedly hypotonic urine. 
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RECENT ADVANCES IN KNOWLEDGE CONCERNING 
HEARING AND SPEECH 


PHYLLIS M. TOOKEY KERRIDGE 


The Depariment of Physiology, Pharmacology and Biochemistry, University 
College, London 

This review has not been written as a comprehensive monograph for 
specialists, but is intended to resemble in character the synopsis at the 
beginning of a serial story in a magazine, in which the salient points of 
previous instalments of the narrative are presented, so that readers 
may decide whether the tale interests them, and if it does so, to enable 
them to follow the events told in the following chapters. Such an in- 
troduction to the subject of hearing and speech is particularly neces- 
sary at the present time because many relevant scientific investigations 
are being conducted simultaneously, and independently. Physicists 
interested in telephone and radio reproduction of speech, psychologists 
interested in the sensation of hearing, experimental phoneticians 
studying the elements of language, and clinicians examining disorders 
of speech and hearing, are all obtaining information of interest to the 
physiologist. 

In order to make a somewhat connected account of the present scien- 
tific situation in this field, reference in the text has been made to indi- 
vidual authors or papers only in exceptional cases, as for example, when 
the title of an important paper does not display adequately a point to 
which attention is drawn. As a compensation to readers wishing to 
obtain detailed information the bibliography has been classified under 
the same headings as the script. 

As space was limited some aspects of the subjects have been iain 
altogether in this article; for example: the function of the middle ear; 
the effects of electrical stimulation of the ecchlea by alternating cur- 
rents, tests of auditory acuity, auditory fatigue and other psychological 
aspects of hearing. Speech has been dealt with in greater detail 
than hearing, as many papers on the subject are published in journals 
which are difficult to obtain. 

I. Hearne. 1. Recent work concerning the theory of hearing. 
About eighty years ago Helmholtz gave mathematical backing and 
59 
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publicity to the resonance theory of Cotogno, and since then there 
has been little fundamental change in the theory of hearing. The 
resonance theory has had its critics and its modifications, but there 
has been no reasonable alternative for it which was backed by experi- 
mental evidence or which accounted for the existence of the cochlea, 
a receptive organ manifestly containing suspended fibres of varying 
lengths and tensions. 

a. The “Wever and Bray phenomenon.” Recent developments in 
hearing, as in some other branches of physiology, have followed the 
development of the cathode ray oscillograph, because this instrument 
can be used to measure very rapid changes of electrical potential. In 
1930 Wever and Bray reported some careful experiments with an 
oscillograph designed to study the electrical changes in the auditory 
nerve of an anesthetised animal in response to sound stimuli. Their 
experimental findings, which were soon confirmed, threatened not only 
to overthrow the resonance theory, but appeared to indicate that the 
auditory nerve had the property of conducting impulses much more 
quickly than any other nerve in the body. But the ““Wever and Bray 
phenomenon,” though real, has now been shown to postulate neither 
of these revolutionary changes, being in fact a mixture of two phenom- 
ena, one of which was previously unknown. Nevertheless the discovery 
has served to stimulate a great amount of research on hearing and has 
led to the intense study of the unsuspected effect, which has been named 
the “electric response of the cochlea.”’ It has also led to the differen- 
tiation and examination of the true action potentials of the auditory 
nerve. The resonance theory of hearing has been reinstated on a 
firmer basis than before, at least for the hearing of high tones, while 
the possibility of a different mechanism for the hearing of low tones 
has been raised. 

b. The electric response of the cochlea. The “electric response of the 
cochlea” is a change of electric potential in the cochlea which occurs 
one-tenth of a millisecond after sound is incident on the ear drum. 
This change in electric potential varies in direction as often as does the 
pressure of the airon the drum. There is indeed a remarkable resem- 
blance between the wave form of the sound, and the wave form of the 
electrical change, even when the pitch of the sound is so high that the 
air vibrates as frequently as 8000 times a second. Even complicated 
wave forms of sound can be reproduced by the electric response of 
the cochlea with moderate fidelity. It is well known that electrical 
changes can be reconverted into sound waves, as it is done in every 
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‘wireless set. Applying a similar method to the electrical cochlear q ; 
response, sounds of voice or music in the same room as the ear of an | 
anesthetised cat can be relayed to another room some distance away. a 
) Gramophone records of the original and the reproduced sounds have 1 

| even been made for demonstration purposes. | 
| Such changes of electrical potential can be detected over a wide area; 
from electrodes placed on the auditory nerve, the temporal bone, or 
near the round or oval windows. At most sites the registrations of 


the recording instrument are due both to the newly discovered “electric | | . 
response of the cochlea” and to the action potentials of the auditory 4 
| nerve, and it was such a mixed effect that was unwittingly detected by 4 
| Wever and Bray. The characteristics of the two phenomena have now 4 


been separated, largely due to the work of H. Davis and his colleagues. — 
Electrical changes which are 75 per cent due to the electric response of i 
the cochlea, and only 25 per cent due to action potentials of the nerve a 
can be obtained from electrodes placed near the round window, while 


| pure auditory nerve action potential effects can be derived from elec- | ‘ - 
trodes in the inferior colliculus. _ 
c. Differences between the electric responses of the cochlea, and the _ 


action potentials of the auditory nerve. The electric response of the _ 
cochlea has been shown to be entirely different from the action potential 
of the auditory nerve fibres because the former | 

i, starts sooner after the stimulating sound has reached the ear than 
the action potential does: 


ii, persists after the nerve has been crushed, sodhittadinsiy cooled, _» q 
or acidified : 


iii, can change its direction more quickly than the auditory nerve ~ 
can conduct: 

iv, does not become fatigued: 

v, can be changed in direction by altering the phase of the incident 
sound. The response picked up from the round window is always 
opposite in sign to that from the oval window. The change in electric 
potential of the auditory nerve during action is always in a negative 
direction, like other nerves. When the phase of the musical tone im- | 
pinging on the ear drum is suddenly changed, the electrical cochlear | 4 
response merely follows the wave form of the sound, while the action \ 
potentials cease for a short time. In other words, when a push on the 
ear drum is suddenly changed to a pull of equal strength, the electric q 
response is undisturbed, but the action potential stops. This interest- 
| ing demonstration not only emphasizes the difference between the two 
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phenomena, but suggests that something has to start swinging in an 
opposite direction before the nerve ending is stimulated. This is a 
supposition in harmony with the resonance theory. The experiments 
on phase reversal have been done with tones of a frequency of 256 and 
1024 cycles per second. 

Also when two sounds of different pitches are applied to the ear 
simultaneously the masking effects on the electric response and on the 
action potentials are different. 

There is thus now no doubt that the phenomena are diverse. But 
there are striking similarities between them. 

d. Similarities between the electric responses of the cochlea and the 
action potentials in the auditory nerve. The physical power of the air 
vibration which is just adequate to produce any effect on the ear is 
approximately the same for the electric response of the cochlea in 
animals, for the action potential of an animal’s auditory nerve, and for 
the perception of hearing in man. This similarity holds over a wide 
range of pitch. 

2. The magnitude of the electric response of the cochlea and of the 
action potential are approximately the same. Opinions differ as to 
whether such difference in size as exists is large enough to be significant. 
The size both of the electric response of the cochlea and of the action 
potential varies roughly as the logarithm of the physical intensity of 
. the stimulating sound, when the strength of this is moderate. That 
is to say, both phenomena, like the sensation of hearing, and other 
sensations, obey the Weber-Fechner Law, within certain limits. 

3. Dogs exposed to loud tones sufficient to make them deaf to these, 
as tested by conditioned reflexes, have been found to have lost the elec- 
trical cochlear response to these same tones. 

e. Origin of the electric response of the cochlea. The electric response 
for high tones is more readily picked up from the base of the cochlea 
_ than the apex, while the reverse is true for low tones. The response 

disappears when the basilar membrane, or the round window, is punc- 
tured. It has been shown to be absent in albino cats, who have no 
Organ of Corti, but present in some guinea pigs with an atrophic Organ 
of Corti. It was absent in a waltzing guinea pig, with sensory cells 
which looked degenerated on histological examination. In cats in which 
the eighth nerve was cut, and the ears were examined for the electrical 
cochlear response at varying times thereafter, and finally histologically, 
it was found that the electric cochlear response was normal when the 
neural elements and the Organ of Corti (including the hair cells) were 
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degenerate, but absent when there was an organized exudate in the 


scala tympani, even though Corti’s organ was well preserved. The f 


electrical response was present and sometimes enhanced in cases with 
a serous labyrinthitis with coagulum in the perilymph spaces, although 
it became reduced in long surviving cases. These observations have 
led to the suggestion that the electric response is dependent on the 
basilar membrane. 

f. Significance of the electric response of the cochlea. What then is the 
cause of the electric response of the cochlea? There is still no answer 
to this question. Indeed the response may be without significance for 
the sensation of hearing, being merely a pitfall on the road to discovery. 
A mathematical analysis of the curves of the trouser legs of a man 
walking towards an observer would give no information about the 
method of locomotion; and similarly the electric response may be an 
occurrence incidental to some unimportant movement of fibre, cell, or 
fluid in the cochlea. But on the other hand it may be an indicator 
of some essential process which causes the stimulation of the auditory 
nerve fibres. The observation is very pertinent that the electric re- 
sponse of the cochlea begins 0.1 millisecond after the stimulating sound 
has reached the ear, while the action potential in the auditory nerve 
does not start until after 0.6 millisecond. Even although the electric 
response may not be directly concerned with the hearing process, the 
above time relations indicate that the sound has reached the cochlea 
at least half a millisecond before the auditory nerve responds. Some 
intermediary change might be involved like the bleaching of visual 
purple in the rods of the retina which stimulates the optic nerve in 
twilight vision. But no such labile chemical substance has been de- 
tected in the ear, and the subject is a matter for conjecture and further 
experiment. 

g. Action potentials of the auditory nerve. For the experimental 
reasons already given, many of the characteristics of the action poten- 


tials of the auditory nerve have been discovered by eliminating those 


of the electrical cochlear response from the mixed effect. There is, 
however, an important observation which bears on the theory of hearing 
which has not been dealt with in the previous sections. The electrical 
changes recorded from the nerve bear no traceable relation to the fre- 


quency of the stimulating sound when this exceeds 3000 vibrations | 
per second. But below this pitch there is (roughly) one change of 
potential for every sound vibration impinging on the ear up to 1000 | 


per second, one for every second vibration up to 2000 per second and | 
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one for every third up to 3000 per second. Now this observation does 
not suggest any startling property of the auditory nerve, as the ‘‘Wever 
and Bray phenomenon” did originally, but it does raise the question 
as to whether the mechanism of hearing is different for tones in the lower 
and higher parts of the auditory range. That is to say, the brain might 
recognise the higher tones by the particular nerve fibre which was 
excited, and the lower ones by the rate at which impulses were arriving, 
‘or because of both the rate and the individual nerve fibre concerned. 
Thus a compromise between the old resonance and telephone theories 
has been suggested, which has come to be known as the Resonance Volley 
Theory. But it is one thing to suggest a possible mechanism, and 
another to show that it isin use. The “‘volleying’”’ of low tones would 
be less probable if it were shown that there was refined localisation of 
resonance for low tones in the cochlea. Much research has been 
directed on to this point, and a symposium of papers on the subject 
was held in America in 1935. Some localisation certainly seems to 
exist, but it is questionable whether it is precise enough. Moreover, 
Fowler is doubtful about the value of such experimental methods, 
stating “If an animal has no cochlea, or only a rudimentary one, I 
cannot even then conceive of a total lack of localisation. Even a lump 
of mud will have some localisation for high and low tones because it 
will vibrate in different parts differently for the different frequencies.” 
Thus further thought and experiment is required before it is stated 
whether “‘volleying” of low tones is more than a possibility. 

2. The nervous connections of the cochlea. The course of the eighth 
nerve fibres has been painstakingly traced by Lorento de N6 who has 
shown that in the cochlea the radial nerve fibres supply the internal 
hair cells only, connecting with one or two hair cells at the most. But 
the external hair cells are served by the external spiral fibres, and a 
single ganglion cell will connect with a large number of external hair 
cells, for a third of a cochlear turn, or more. The internal spiral fibres 
are another group of fibres which run to both internal and external 
hair cells, and there are others whose nature and ending is as yet un- 
known. 

This distribution of nerve fibres to the hair cells has led to the sugges- 
tion that there is a difference of function between the inner and outer 
hair ceils, the former being the discriminators of pitch, the latter agents 
_ to detect weak sounds. The external hair cells are placed so as to be 
more free to vibrate than the inner ones and in the ear of an animal 
which had been exposed to a loud note of constant pitch a considerable 
number of the external hair cells were subsequently found to be degen- 
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“erate. Such a dual pitch discriminating mechanism would explain the 

finding that man can differentiate smaller pitch differences if sounds are 
moderately loud than he is able to if they can only just be heard. For 
example, at an intensity of sound 5 decibels above the threshold of 
audibility, one can only detect 500 tones, whereas 1300 tones can be 
distinguished at 30 decibels above the same threshold. 

The spiral ganglion cells are not uniformly distributed, those cor- 
responding to the central region of the cochlea being more numerous 
than others. The part of the ventral ganglion in the medulla which 
is in connection with fibres of the central region of the cochlea is also 
bigger than those in connection with the apex or the base. Thus 
there is anatomical evidence to explain the great acuity of hearing in 
the middle pitches of the auditory range. 

In their course between the cochlea and the brain the nerve fibres 
are twisted spirally, and the ganglia in the cochlea are represented 
spatially in the primary acoustic nuclei in the brain stem. The cochlear 
fibres shortly after their arrival in the medulla divide into ascending 
and descending branches, and the points of division of the fibres, if 
projected on a longitudinal plane form an arc that is the caudal bound- 
ary of the ventral nucleus. This line is a projection of the uncoiled 
ganglion of Corti in such a way that the highest point of it corresponds | 
to the apical and the lowest to the basilar part of the ganglion. 

Experimental work on dogs on the functions of the crossed and un- 
crossed fibres conducting the auditory impulses through the lateral 
fillet has revealed no difference between their action. One side of 
the cortex of a dog’s brain can be removed without affecting the hear- 
ing appreciably, thus demonstrating well the bilateral cortical repre- 
sentation. Complete cortical ablation in dogs reduced greatly the 
hearing acuity, as tested by conditioned reflexes, but did not abolish 
it entirely, thus suggesting that there may be some sub-cortical centres 
able to respcnd to powerful sound stimulation. 

II. Sprecu. Speaking consists essentially of codrdinated voluntary 
muscular actions of abdominal wall, thorax, larynx, soft palate, tongue 
and lips, all performed without conscious thought. Voice sounds are 
emitted from the mouth because a regulated expiration forces air past 
the vocal cords, which can vibrate variously in response, on through 
a passage, the shape of which can be altered in many ways. The 
mechanism of speech has been restudied recently not on account of the 
stimulus of any new theory, but because better tools have become 
available wherewith to examine it. 


1. Respiratory movements in relation to speech. a. Technical methods. 
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The stethograph for registering movements of thorax and abdomen has 
been modified and elaborated so often that it now bears little re- 
semblance to the simple classroom instrument, but it is still in use for 
research purposes. A new method of studying this question has been | 
to measure the action currents of respiratory muscles during speech. 

b. Summary of results. The outstanding finding, stressed by almost 
all the authors, is the large individual variation in respiratory habit. 
Abdominal muscular movement during respiration is apparently usu- 
ally greater than thoracic, both in men and women, although the ratio 
of the amount of abdominal to thoracic movement is not so great in 
women asin men. But it should be remembered that the action of the 
abdominal muscles in respiration is an indirect one, and it is not fair 
to assume that equal muscular movements of the thorax and the ab- 
domen are equally effective in lung movement. Unfortunately it is 
not possible under ordinary circumstances in man to measure separately 
the respiratory effect of the two muscular systems. 

From experiments on students undergoing speech training it has been 
shown that probably more control can be gained over thoracic breath- 
ing than abdominal, but the results of training were not so certain that 
any prognosis could be given surely enough to advise change of respira- 
tory habit. The carrying power of a voice does not seem to bear any 
relation to the type of respiration or to the vital capacity of the speaker’s 
lungs. The volume of air breathed in and out during speech has more 
phonetic significance than other respiratory factors, but even here 
were found great individual variations, and in any case the volume was 
not usually increased by practice. 

The type of respiration may also depend on the rate of speech, ab- 
dominal muscles being used more for slow rates, thoracic for speeds over 
3 or 4 syllables per second. The subdivision of each expiration to 
produce syllables is an essential feature of speech concerning which 
there are now many data (Stetson, 1928). 

The sum of these extensive investigations must be interesting, though 
perhaps disappointing, to teachers of speech and singing, in that it 
gives no basis for training in respiratory habit. The demonstration that 
people with different habits speak equally well should, however, save 
them unnecessary labour in breaking established personal practices. 
The above researches have been mostly carried out on young American 
adults. It is interesting to speculate as to whether such a variety of 
respiratory movement would have been observed in children; and also 
what would be the result on their speech character in adult life if such 
children had been taught the best way of breathing, were this known. 
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» 2. The appearance of the vocal cords in action. a. Technical methods. 
The vocal cords have been the subjects of intense inspection. They 
have been looked at directly, by reflection and stereoscopically; they 
have been photographed in monochrome and in colour, and they have 
been filmed in action. They have been spied through periscopes over 
which the mouth will more or less shut, so that the movements of the 
tongue and palate during articulation may approximate to normal. A 
large number of examinations have also been made with the strobo- 
scopic device, which although a hundred years old, is still the subject 
of many technical improvements. 

Attempts to understand their action have been made by making 
models of them, using small rubber cushions which could be blown up 
to varying tensions and subjected to streams of air at known pressures 
in order to made them vibrate. 

b. Summary of results. The simpler accepted performances of the 
vocal cords have been confirmed, and are now more easily demonstrated 
than heretofore. With one type of instrument the larynx can be viewed 
by 30 to 50 students simultaneously (Flatau). Vivid pictures are ob- 
tained of the cords vibrating sometimes with a razor-like edge, and at 
other times with a well rounded surface. But beyond this all seems 
to be complication and controversy. There seems little doubt that 
the movements of the larynx during speech are complex, that the vocal 
cord vibration has periodic and aperiodic factors, and that the surround- 
ing parts of the larynx are not stationary, even the false vocal cords 
being more active than was formerly supposed. Some authors go so 
far as to say that the form of the vibration of the vocal cord changes 
with the sound articulated, that the vocal cords so to speak ‘‘mouth”’ 
the vowels. Such a view is directly opposed to former teaching, and 
the “vowel picture” of the vocal cords will need to be separated more 
definitely from the moving complex than has yet been done before this 
newer conception will convince the sceptics. 

Most attention has been paid to the regular elements in the vibration 
of the vocal cords. These bands move up and down as well as in and 
out. There has been discussion as to whether the lips move in the 
same or in opposite phases. It seems to be quite common for one 
cord to move at a different rate from the other, the right cord usually 
being the quicker. It has been stated that the left cord is the quicker 
in left-handed persons. There has been acute controversy as to 
whether, in a number of people, one cord does not vibrate at all although 
it is not paralysed; or whether the phenomenon, which is apparent on 
stroboscopic examination only, is due to an optical illusion. The matter 
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becomes involved because the stroboscopic principle itself is based on 
an optical illusion. No change in speaking voice was detected by any 
author in these cases, but one author noted undue fatigue when singers 
with this apparent peculiarity undertook works involving severe 
vocal athleticism! 

The experiments with model vocal cords are interesting not only 
because they provide numerical data interrelating air pressure, tension 
in the artificial cords, and pitch of the resulting note, but also because 
they can be made to demonstrate the very great effect of lubrication. 
The lubrication factor is also stressed in some of the cinemaphotographic 
studies, in which many drops of mucus fell on the vocal cords during 
action. Studies on more people would need to be made before it could 
be determined to what extent this occurred in normal subjects and how 
much mucus amounted to abnormal laryngeal catarrh. 

3. The laryngeal muscles and their nerves. a. Technical methods. 
The anatomy of the thyro-arytenoideus has been studied in detail, 
and the strength and duration of the stimuli necessary to cause the 
muscle to contract have been determined by more than one author. 
Other experiments have been made on narcotised dogs, air being blown 
through the larynx, while the laryngeal muscles were in turn stimu- 
lated. The appearance of the vocal cords at the same time was exam- 
ined with a stroboscope, and the voice sounds record phonographically. 
In another research an electrical stimulus was applied to the supposed 
motor points of the laryngeal muscles of adults intoning “a,” as in 
father, and the effect on the sound noted. 

b. Summary of results. There are six fasciculi in the thyro-aryte- 
noideus, and all of them have fibres of differing origins, insertions and 
actions, so that there is ample arrangement for variation in the amount 
and extent of the vocal cord which is put under tension. Strong con- 
siders that the microscopic aryvocalis fibres of the vocalis part must be 
responsible for altering the length of the vibrating part of the vocal 
lip and thus the very refined pitch adjustment. The thyro-arytenoideus 
is one of the most quickly acting muscles known, with a short latent 
period. The chronaxie is given as 0.1 thousandth of a second. 

The amount of movement of the larynx as a whole during speech or 
singing is a matter which varies in individuals, and with training. It 
was formerly taught that when the movement of the larynx was such 
that the thyroid cartilage moved downwards on the cricoid, the pitch 
of the voice was raised, but direct experiments on this point, by several 
workers, indicate that in fact it is lowered. The quality of the sound 
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‘can also be altered by suitable stimulation of the extrinsic laryngeal 
muscles. Unfortunately in man it is impossible to stimulate definite 
muscles with certainty, and in animals where this might be done, the 
natural voice changes are not so subtle, and the mechanism is probably 
not so well developed. 

4. Oral movements in speech. a. Technical methods. The alterations 
in shape of that part of the air passage above the vocal cords, by move- 
ments of the tongue, palate and lips, affects the resonating character- 
istics of the air-way in such a manner that the recognisable sounds of 
articulation are produced. X-ray pictures of the head taken from the 
side to show the relative position of the moving parts in the attitudes 
of typical phonetic components are scarcely new. But moving x-ray 
pictures are a recent acquisition, which are especially useful, because 
speech is so essentially a changing process. Such x-ray studies are 
even more valuable when sound films are taken synchronously. Exact 
synchronisation is important, and not easy to obtain, so that Russell 
in a grand concert of simultaneous records of sound films, of wavéforms 
of speech taken with an oscillograph, moving pictures of the face, and 
x-ray examination of the side of the head, preferred to use still photo- 
graphs in the last case in order that accurately timed records with 
rapid exposures could be obtained. 

b. Summary of results. The elaborate methods of examination have 
shown that the positions of the tongue which were deemed to be essen- 
tial for the production of certain sounds were not subject to such rigid 
rules as was formerly thought. It is claimed that the same aural effect 
can be produced in many ways. But this is a much debated subject. 
Special precautions are advisable to ensure that no small movement of 
the head takes place between successive photographic exposures as 
such may cause significant errors in interpretation. 

The tongue positions which are consistent with the same aural and 
acoustic effect may not differ more than do many individual variations 
from mean values found in biological studies. In any case the conven- 
tional rules, for which no substitutes have been suggested, have been 
successfully used for instruction in the subtleties of foreign pronuncia- 
tions, and for making deaf mutes speak intelligibly. 

The movements of the lips in speech have particular interest and 
importance because deaf people can understand conversation by study- 
ing these alone, and moreover, given good illumination and eyesight. 
they can understand it at a greater distance than the voice can carry. 
Not all the speech sounds have characteristic lip positions, but enough 


| 
| 
| 
| 
| 
| 
& 
| | 
| : 


‘ 


70 PHYLLIS M. TOOKEY KERRIDGE 


of them have, so that with the help of context, a satisfactory under- 
standing for social purposes may be effected, sometimes even in a 
foreign language. A few papers recently published deal with this 
subject, cinemaphotography having aided its study. 

5. Resonance and speech production. a. Technical methods. The 
vibrating systems of the vocal cords and of the air columns above and 
below them have been the subject of detailed mathematical study. 
The question of chest resonance has been reopened, and Wise has made 
some simple and instructive experiments thereon in which a tuning fork 
was placed in various places, and the conductance of its vibration 
through air and tissues studied with the aid of a stethoscope and some 
rubber tubing. The vibrations of the chest during vocal cord move- 
ment have also been magnified and photographed, so that the frequency 
could be compared with that of the fundamental cord tone (Simon 
and Keller). The elegant electro-acoustic records of W. Trendelenburg 
show the wave forms of vowel sounds as they appear from the mouth, 
and dfter being conducted to various parts of the human frame. 

Experimental models have also helped to elucidate the part played 
by the various parts of the resonating air column. Furthermore, tones 
corresponding to the supposed characteristic resonance frequencies of 
vowels have been put together, and synthetic vowels produced with 
remarkable success. 

b. Summary of results. The generally accepted Vocal Resonance 
Theory of voice production has been well summarized by Lewis, at the 
beginning of a paper in which he surveys it critically. ‘This theory 
... States ...that the vocal cords, during phonation, set up in air 
immediately adjacent to them a complex motion which consists of a 
fundamental component and a large number of overtones. This 
complex motion constitutes the so-called cord tone. The theory fur- 
ther states that the vocal cavities, on which the cord tone acts as a 
force, have the properties of simple resonators, and thus modify the 
spectrum flowing from the cords. In terms of this theory a vowel 
sound, as emitted from the mouth, is due to both selective generation 
and selective transmission.”” The mathematical papers relating to the 
theory are not less valuable because they are difficult to summarise, 
and should be consulted individually. 

The old idea of the schools of singing that the air within the chest 
vibrates strongly during the use of the ‘‘chest register’? has long been 
discountenanced is scientific circles. Air contained in the interstices 
of spongy tissue is not suitably placed to execute large vibrations. But 
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‘that is not to say that the chest is without action during singing. It 
vibrates as a whole in response to sound conducted to it by air, or 
through soft tissues. Some parts of it vibrate more than others, and 
it moves more in response to notes of some pitches than it does to others. 

The usual explanation of the so-called chest, middle, and head regis- 
ters is that different amounts of the vocal cord are vibrating when these 
are in use and that the “registers” have nothing whatever to do with 
resonance in the anatomical parts after which they have been popularly 
named. ‘The change from one register to another is a matter of adjust- 
ing the tension of the muscle fibres affecting the vocal cords, in which 
process fine control can be acquired by practice. Such accurate mus- 
cular coérdination is a matter of special difficulty for adolescent boys 
whose vocal cords become longer than they are accustomed to at an 
inconveniently quick rate. This explanation is still the accepted one, 
but an alternative has been proposed. Weiss has suggested that the 
break between the singing registers may be due to a resonance coupling 
effect, a particular period of vibration of the pharyngo-buccal cavity 
having a back action on the vocal cords. 

The “sounding board effect” of palate and teeth is another tenet of 
some voice-training schools which has been slowly disappearing, espe- 
cially since Paget pointed out that a soprano would need a palate six 
feet square, and teeth of equal length for any sound reflection to be 
possible. Although the dimensions are such that the fundamental 
tone cannot be thus affected, or the direction of the emitted voice in- 
fluenced by palatal movement, it is not impossible for the hard palate to 
influence some of the higher harmonies of short wave length. Voelker 
has examined this question on theoretical grounds, and calculated that 
a hard palate of average size might affect the 78th overtone in the 
lowest male voice, or the 10th overtone in the highest female voice. 
So that it may be that the palate can affect the brilliancy and natural- 
ness of a woman’s voice, although not the intelligibility of the speech 
of either sex. Kaiser, independently and previously, had studied 
phonetically the gramophone records of students pronouncing Dutch 
vowels, and reported a difference in vowel character correlated with 
differences in palate shape. Subjects with high palates produced 
vowels which were clear and sonorous compared to the ‘dull’? vowel 
pronounciations of those with lower ones. 

Although each vowel sound consists of a complex vibration in which 
there are many harmonics, there are two regions in the auditory spec- 
trum where the vibrations are particularly strong, and these regions 
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vary with, and are characteristic of, each vowel. The two strong vi- 
brational regions are related to the resonating character of the air spaces, 
the one above the vocal cords and behind the tongue, and the other 
in front of the tongue. The harmonic analysis of vowel sounds was 
made by ear by Paget, who later confirmed and extended his findings 
using simple models. With far more elaborate apparatus, other people, 
especially workers in the research laboratories of large telephone com- 
panies, have confirmed Paget’s findings and extended them. The pro- 
cedure was reversed when Bouman and Kucharski used modern elec- 
tro-acoustic technique to produce pure tones of the frequencies given 
by Paget as characteristic of vowels, and combining these, found that 
intelligible vowels were synthesised by this means. In only one case 
(“‘o” in who) was any significant deviation from Paget’s data necessary. 

An amusing demonstration of the dependence of voice character on 
resonance factors has been given by Bdrdny’s independent repetition 
of Tyndall’s experiment, showing that the voice becomes “‘hollow, harsh 
and unearthly,” and speech difficult to understand, when the air ways 
are filled with hydrogen. 

6. Physical characteristics of speech. a. Technical methods. All the 
resources of modern electro-acoustics have been brought to the study 
of the physical characteristics of speech: microphones, amplifiers, oscil- 
lographs, acoustic filters, sound films, gramophone records, and so on. 
Much of this work has been done in connection with the development 
of telephones and broadcasting apparatus, with the underlying purpose 
of discovering at least those characteristics of speech which are essential 
in order that it should be intelligible when transmitted; and at best the 
conditions necessary in order that speech shall sound natural. Unfor- 
tunately some of the work loses in pure scientific value because no 
standard phonetic criteria were applied to the speech which was sub- 
mitted to such careful physical analysis. A ‘“‘u” or “r” said in an 
English word will have an acoustic value which will depend on which 
side of the Atlantic the speaker was born. When a German vowel is 
said to darken if certain harmonics are removed, no definite idea is 
conveyed to foreign minds. 

The sensitivity and accuracy of the oscillographic method of record- : 
ing the wave form of speech contrasts unfavourably with the difficulty 
and tediousness of the mathematical analysis which must be made sub- 
sequently, if the method is to be of use for harmonic analysis as well as 
a pictorial record. Harvey Fletcher calculated that it would take 100 
years to obtain with this method a typical analysis of American speech 
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‘taken from the performances of 5 men and 5 women. For this reason 
a series of acoustic filters which cut out one octave after another are 
now often used for the physical analysis of speech instead of the oscil- 
lographic method. Although this method is not so satisfactory for 
obtaining a complete scientific picture of the wave components of speech 
sounds, the effect of pitch on speech can be much more readily observed. 

Another reason why the sensitive oscillographic method is becoming 
less popular than it would seem at first sight to deserve is the inconven- 
ience that the records cannot be ‘“‘played back.”” Very accurate timing 
of the record is necessitated in any case, as the characteristic tongue 
position for any vowel sound, for example, is held only for about ;g5ths 
of a second. Some people therefore prefer to work with gramophone 
records, or sound films, which can be played and analysed alternately 
and repeatedly, even though the recording methods are less accurate. 

b. Summary of results. i. Pitch and accent. There are now many 
records of the time taken during a speech for actual sound production, 
as distinct from pauses; and of the amount of pitch variation in words, 
and in sentences conveying different meanings. For example, Cowan, 
in a study of the dramatic speech of several American actors and act- 
resses, found that the average median pitch level for the male voices 
was 141 cycles per second, and for female voices 233 cycles per second. 
The average pitch range used in speech was 2 octaves. The average 
standard deviation of syllabic power for all speeches was 5.9 decibels. 
The mean average rate of speech was 157 words per minute, 52-72 per 
cent of the time being the average amount taken for the actual speak- 
ing, according to the nature of the matter enunciated. Falling inflec- 
tions occurred more commonly than rising or level intonations, the 
amount of change during an inflection being about 2 tones. 

Accent, according to Schramm, depends on many factors: the dura- 
tion of phonation, the length of pauses, the average, lowest and highest 
pitch levels, the average intensity level, and the type of inflection. He 
found that the average accented syllable of a word was about 10 per 
cent longer, 4 decibels greater in intensity, and 2 semitones higher in 
pitch than any of the unaccented syllables around it. | 

ii. Speech power and wave form. Many valuable data on this subject 
have accumulated on account of the new technical importance of speech. 
But for general interest none of the new details equal in interest the 
demonstration, which can scarcely be called recent, that while most of 
the power of speech lies in the vibration of the fundamental compo- 
nent, its intelligibility depends on its harmonics. Thus Crandall showed 
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in 1925 that when the fundamental tones were eliminated by an acoustic 
filter which cut off all vibrations below 500 cycles per second, the in- 
tensity of the sound was reduced by 60 per cent, and the intelligibility 
only by 2 per cent. Such an observation, which has since been con- 
firmed and elaborated, is of the utmost significance for the transmis- 
sion of speech both to normal and to deaf people. 

The pitch range which is required for the proper reproduction of 
speech and music has been the subject of an important paper by Snow. 
Probably the whole of the auditory range is necessary for perfect re- 
ception, but frequencies above 10,000 cycles per second have relatively 
little effect on the natural quality of speech and music, but have more 
effect on noises, which contain more irregular vibrations than har- 
monics. 

Records of the phonetic elements of the English, German and Italian 
languages, and also of the Northumbrian dialect, have been made with 
the aid of the cathode ray oscillograph. Fourier analysis has been 
applied to the results in some cases. But it is difficult to define the 
typical wave form of any sound except the simplest isolated vowel. 
Not only does the speech of one person differ from another, even when 
the speakers are trained phoneticians, but the form of a vowel spoken 
in context is so greatly influenced by the consonants which precede and 
succeed it, that only the middle part of the wave is at all characteristic. 

III. HEARING AND SPEECH. The preceding sections have indicated 
the complicated way in which speech is produced and the elaborate 
pattern of the constantly changing vibration in the air which reaches 
the ear. Very little of the sound emitted from the speaker’s mouth 
travels directly to the receiving ear, some authors estimating that as 
much as 90 per cent of the vibrations which reach the ear have first been 
reflected from walls, floor or furniture. Although something is known 
of the receptor in the ear, very little is even guessed of the processes 
in the brain which are essential to appreciation of reception, or of those 
which initiate the actions of speech, or of the connecting links between 
the two. The mental connection is formed in early childhood, and 
when once established the muscular habits of speech are usually re- 
tained even after the cessation of hearing, although the extent to which 
this is true varies greatly with age. Children under 5 forget much of 
their speech if they have become too deaf to hear it even after they 
have obtained full use of it; while up to the age of 7 or 8 children in 
such a predicament may become so defective in their speech that it is 
unintelligible. The pitch changes are diminished so that the voice 
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‘becomes monotonous, and the movements of the tongue may be so 
careless that articulation is poor. Adults keep their acquired speech 
habits better in the face of severe deafness, but if they have been unable 
to hear their own voices for years, even their speech becomes lacking in 
modulation, and articulation may sometimes become defective when 
the ear is no longer a guide to correction. 
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122: 175, 1937. 
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SHERROD, V. AND F. KELLER. New apparatus for the study of breath control. 
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Levux, J. §troboskopische Untersuchungen iiber Intonation beim Gesange. 
Naturwissenschaften 413, 1933. 

MauyutTin, E. N. Stroboscopische Erscheinungen bei Gesangschiilern. Acta 
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ARTERIAL AND VENOUS PRESSURE FACTORS IN 
CIRCULATORY FAILURE 


TINSLEY R. HARRISON 
Vanderbilt University School of Medicine, Nashville, Tennessee 


The first application of physiological concepts to the classification of 
circulatory failure was made by William Harvey (1640). He noticed 
that obstruction of the vena cava of a snake caused the heart to become 
abnormally empty, while compression of the aorta produced overdis- 
tention of the heart, and concluded that ‘‘this is evidence of two kinds 
of death—failure from a lack and suffocation from an excess.’”’ Harvey 
was especially interested in the effects of these experimental procedures 
on the heart itself. The modern tendency is to consider circulatory 
failure according to the effects produced on the body tissues. However, 
Harvey’s initial conception of the two general types associated respec- 
tively with emptiness and fullness still holds good. The type of circu- 
latory failure characterized by abnormal emptiness of the peripheral 
blood vessels, i.e., by a diminished cardiac output per minute, may be 
called forward failure, because the fundamental disturbance consists in 
a failure of the circulatory apparatus to supply a normal amount of 
blood to the tissues per unit of time. Forward failure includes those 
disturbances usually spoken of as “collapse,” “primary shock,” ‘‘sec- 
ondary shock,” “the hypokinetic syndrome,” etc. It is usually of 
peripheral origin but may be initiated by abnormalities of the heart. It 
is characterized in patients by weakness, apathy, faintness sometimes 
proceeding to unconsciousness, by rapid “thready”’ pulse, diminution 
in blood pressure, especially in pulse pressure, cold ‘‘clammy”’ skin, 
ashen pallor and certain metabolic disturbances which will be discussed 
later. 

In contrast to forward failure with emptiness of the blood vessels 
there is backward failure, which manifests itself by abnormal fullness of 
certain vessels. This condition is always of cardiac origin and is the 
state which is called “congestive heart failure,’ “cardiac decompensa- 
tion” or the “dyskinetic syndrome.”’ Backward failure is of two gen- 
eral types, failure of the left side of the heart, which leads to pulmonary 
congestion, and failure of the right side of the heart which produces 
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systemic congestion. Frequently the two conditions coexist. The 
clinical picture of backward failure, which is characterized especially 
by dyspnea, venous distention, enlargement of the liver and edema, was 
described by Vieussens (1715), and the mechanism of its production 
was clearly enunciated by James Hope (1831). 

In the discussion to follow interest will be centered on the relation- 
ship of arterial and venous pressures to these several kinds of circulatory 
failure. The unqualified terms “arterial pressure’”’ and ‘‘venous pres- 
sure” refer to the pressure in the systemic vessels. The phrase ‘‘pul- 
monary vascular pressure’’ will be used to designate both the arterial 
and the venous pressures in the lesser circuit, for these usually tend to 
vary together. 

FORWARD FAILURE OF THE PERIPHERAL CIRCULATION. ‘This state 
has many different causes which may be separated into several groups. 

I. The hematogenic type of peripheral circulatory failure. One group 
of circulatory disturbances is initiated by conditions which cause a 
diminution in circulating blood volume. The most obvious example is 
hemorrhage. Researches of recent years indicate rather strongly that 
loss of fluid from the blood stream into the injured tissues is the most 
important factor in the initiation of secondary traumatic shock (Blalock, 
1930; Parsons and Phemister, 1930; Smith, 1927; Holt, 1934), as well 
as the circulatory failure which follows burns (Blalock, 1931), and that 
due to intestinal trauma (Blalock, 1931; Beard and Blalock, 1931; John- 
son and Blalock, 1931). Dehydration due to vomiting, diarrhea or 
sweating, as well as that which accompanies diabetic acidosis, is an 
important cause of this type of circulatory failure. Whenever for any 
reason there is excessive excretion of electrolytes rapid loss of water 
occurs (Gamble and Ross, 1925). The studies of Swingle and Pfiffner 
(1932) indicate that the collapse which occurs in the crises of adrenal 
insufficiency is also dependent on the loss of fluid from the blood stream. 

The conditions which have been cited are of such a nature as to cause 
diminution in blood volume. This obviously occurs in hemorrhage and 
has been demonstrated both in experimental (Gasser, Erlanger and 
Meek, 1920) and clinical traumatic shock (Keith, 1919). Decrease in 
blood volume has been found in postoperative shock by Riessinger and 
Schneider (1929), and by Ewig and Klotz (1932). Although data con- 
cerning the blood volume of patients with severe vomiting and diarrhea 
are jacking, the frequent appearance of high values for the hemoglobin 
and red blood cell count, followed by a rapid dilution of the blood when 
fluids are restored, indicates that loss of water from the blood stream 
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occurs in these conditions. Diminution in blood volume has been 
demonstrated in persons with diabetic coma (Chang, Harrop and 
Schaub, 1928) and during the crises of adrenal insufficiency (Swingle and 
Pfiffner, 1932). 

Regardless of the initiating mechanism the decline in blood volume 
tends to produce diminution in venous pressure. This has been demon- 
strated in patients with peripheral circulatory failure by Fishberg 
(1937), who found values for venous pressure of only 10 to 20 mm. of 
water as compared to the normal level of 40 to 100 mm. of water (Hooker, 
1914; Eyster, 1929; Moritz and Tabora, 1910). Reports are lacking of 
actual measurements of venous pressure in some of the various states 
which may produce this type of forward failure. However, the col- 
lapsed appearance of the veins and the difficulty in entering them witha 
needle even when a tourniquet is used furnish reliable indirect evidence 
that the venous pressure is in fact at an abnormally low level. 

The amount of blood expelled by the heart during systole depends on 
the amount which enters during diastole and this in turn is governed by 
the venous pressure. Since the heart is filled entirely passively and not 
through suction it is not possible for the heart to compensate for dim- 
inished filling pressure and therefore any significant diminution in the 
venous pressure necessarily results in a decline in stroke volume. The 
pulse rate increases but even so the minute volume cannot be maintained 
for, as was shown by Markwalder and Starling (1914), the cardiac out- 
put per minute is relatively independent of the pulse rate. (At rela- 
tively high levels of venous pressure the filling may be “‘adequate’’ in 
the sense of Krogh (1912), and an increase in rate may lead to a greater 
minute volume, but at low levels of venous pressure the filling is “‘in- 
adequate”’ and increase in the heart rate has little effect.) That the 
cardiac output per minute is diminished in some of the conditions which 
cause a low venous pressure has been demonstrated in hemorrhage 
(Blalock and Harrison, 1927; Blalock, 1927), and in various types of 
shock (Blalock, 1930, 1931b, 1933a, 1933b). Although data on the 
cardiac output of severely dehydrated subjects are not available there 
is no reason to doubt that this function is depressed. 

Diminution in arterial pressure is one of the outspoken manifestations 
of well marked peripheral circulatory failure. In the earlier stages only 
the systolic pressure is affected, the diastolic remaining at the previous 
level or even rising slightly so that little or no change in the mean pres- 
sure occurs. However, when the condition becomes severe the diastolic 
pressure also declines, the systolic and pulse pressure undergoing still 
further diminution. Johnson and Blalock (1931) showed that following 
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hemorrhage, muscle trauma, intestinal trauma and burns decline in the 
mean arterial blood pressure was preceded by diminution in cardiac 
output. These findings indicated that in these states vasoconstriction 
occurs, for otherwise the mean blood pressure could not be sustained 
when the heart is expelling less blood. Direct evidence of vasoconstric- 
tion was furnished by Burch and Harrison (1931), who found that 
experimental hemorrhage caused diminution in the perfusion rate 
through the vessels of the extremities. After more severe hemorrhage 
when the animal approached a moribund state a rapid increase in the 
perfusion rate occurred. The long-standing controversy as to whether 
“shock” is accompanied by vasoconstriction or by vasodilatation seems 
therefore to have been settled. Vasoconstriction occurs at first and 
this enables the body to maintain a relatively normal arterial pressure 
in spite of the marked decline in blood volume, venous pressure and 
cardiac output. When the condition becomes advanced the arterial 
pressure may decline in spite of pronounced vasoconstriction. After 
the arterial pressure falls below a certain value (Cannon’s critical level, 
1923) the constrictor mechanism fails—presumably as a result of is- 
chemia of the medullary centers—vasodilatation supervenes and death 
soon occurs. 

Important additional evidence concerning the relation of vasocon- 
striction to this type of peripheral circulatory failure has been furnished 
by the work of Freeman (1933). He showed that prolonged vasocon- 
striction induced by the administration of adrenalin or by other means 
led to a diminution in blood volume and eventually to circulatory failure. 
More recently Freeman (1937) has found that congestion and edema of 
the intestines which usually set in after the blood pressure has been kept 
for several hours at a low level as the result of hemorrhage (Blalock, 
1934) do not occur when sympathectomized dogs are bled. On the 
other hand the latter animals were found to be unduly sensitive to the 
immediate effects of hemorrhage and could not survive the withdrawal 
of amounts of blood which were tolerated by animals with intact sym- 
pathetic chains. It appears therefore that while vasoconstriction has 
an initially beneficial action in that it shunts blood from the splanchnic 
and other peripheral tissues to the more sensitive vital structures such 
as the heart and brain, this advantage is purchased at a considerable 
cost, for prolonged contraction of the peripheral vessels leads to local 
capillary damage followed by irreversible changes in these areas. This 
mechanism may explain the failure of transfusion to produce permanent 
benefit in patients who have been for many hours in a state of shock as 
the result of hemorrhage. 
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The mechanism whereby vasoconstriction is produced in states of 
peripheral circulatory failure has not been completely elucidated. Since 
it is accompanied by a pronounced tachycardia one thinks first of all of 
inhibition of the carotid sinus and aortic depressor nerves as the result 
of the lowered systolic pressure, with consequent reflex increases in 
heart rate and vascular tonus. If this mechanism is concerned one 
would expect that following denervation of the aorta and of the carotid 
sinus animals would respond to hemorrhage and shock in a manner simi- 
lar to that observed by Freeman (1937) in sympathectomized dogs. 
Observations on this point are lacking. 7 

The sequence of events which take place in the hematogenic type of 
peripheral circulatory failure is illustrated in the following diagram: 
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II. The neurogenic type of peripheral circulatory failure. Under cer- 
tain conditions circulatory collapse occurs so rapidly that it cannot be 
ascribed to a diminution in blood volume. Examples are simple faint- 
ing under emotional stress, ‘knock out”’ blows, and the “‘primary shock”’ 
of wounded soldiers. The sudden onset suggests that the circulatory 
changes in such states are initiated through the nervous system. De- 
tailed studies on the blood volume, venous pressure and other functions 
of the circulation have not been made in this neurogenic type of shock. 
Such data as are available are mainly derived from investigations made 
during spinal anesthesia. Burch and Harrison (1930) studied in dogs 
the relationship of cardiac output and arterial pressure, following the 
intrathecal administration of a local anesthetic. They found that the 
blood pressure declined first and in greater degree. This relationship, 
which is just the opposite of that which occurs in hemorrhage and in 
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“traumatic shock, pointed toward vasodilatation, which was demon- 


strated by measurements of the arterial tone by the perfusion method 
(Burch and Harrison, 1931). A comparison was made of the effects of 
hemorrhage on dogs during ether anesthesia and during spinal anesthesia 
(Burch, Harrison and Blalock, 1930). Animals in the latter state were 
found to be unduly susceptible to hemorrhage, an observation which 
was interpreted as indicating that the usual compensatory vasocon- 
strictor response had been reduced or abolished by spinal anesthesia 
and that therefore a relatively slight diminution in blood volume caused 
a disproportionately large decline in blood pressure. 

Ellis and Haynes (1936) recently studied a series of patients with 
“postural hypotension,”’ a syndrome characterized by marked fall in 


_ the blood pressure on assuming the erect posture and accompanied by 


dizziness and fainting. Their observations indicated that this disorder 
represents a neurogenic type of peripheral circulatory failure for they 
found that the decline in blood pressure was not due to a decrease in 
cardiac output but to failure of the usual postural vasoconstrictor reflex. 
Ellis and Haynes (1936) pointed out that postural hypotension is fre- 
quent in patients with tabes dorsalis, syringomyelia and other diseases 
of the nervous system. 

Aside from its sudden onset the neurogenic type of circulatory collapse 
differs therefore from the hematogenic type in the following important 
respects. It—the neurogenic type—is primarily due to vasodilatation 
with relatively little immediate diminution in the amount of blood 
pumped by the heart. The peripheral tissues do not therefore display 
marked signs of ischemia. However, since the blood supply to the brain 


is dependent on the blood pressure rather than on the total cardiac 


output the cerebral symptoms are especially outspoken and loss of 


- consciousness is therefore more common in the neurogenic type, which 


is characterized by cerebral ischemia setting in«uddenly rather than 


by peripheral ischemia developing slowly. This sequence of events is 
illustrated by the following diagram: 


Psychic stimuli 


i ilur 
Reflex effects Vaso- Decline Diminished 
Spinal anesthesia — dila- — — circulation = . 
blood (Peripheral neuro- 
Postural changes, _ tation to brain 
nat pressure genic type) 


III. The vasogenic type of. peripheral circulatory failure. Under 
certain conditions vascular dilatation may be brought about by agents 
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which act directly on the vessels. The administration of histamine 
was shown by Johnson and Blalock (1931) to cause a primary fall in 
blood pressure, the cardiac output undergoing relatively slight change. 
Whether histamine ever spontaneously accumulates sufficiently in the 
body to cause a similar type of circulatory failure is not known. (The 
view formerly held that traumatic shock was initially due to intoxica- 
tion by histamine or some similar substance has been disproved by the 
investigations of Blalock, 1933; Parsons and Phemister, 1930; O’Shaugh- 
nessy and Slome, 1934; Smith, 1928, and Holt, 1934. However, the 
possibility that the production in the injured tissues of depressor sub- 
stances may be of importance in aggravating circulatory failure still 
remains.) The possible significance of other depressor substances such 
as acetylcholine, adenylic acid and kallekrein can likewise not be 
evaluated at present. 

Another type of vasogenic circulatory collapse was described by Weiss 
and Wilkins (1936d), who found that sodium nitrite caused pronounced 
circulatory disturbances when administered to subjects in the standing 
posture. Following the initial asymptomatic stage with tachycardia 
and diminished pulse pressure but with normal venous pressure and 
blood flow the characteristic manifestations of circulatory failure 
occurred, with ashen pallor and coldness of the skin, marked diminution 
in pulse pressure and decline in venous pressure and in blood flow. 
Eventually consciousness was lost. This investigation showed that in 
man vascular dilatation may, when sufficiently marked, lead to pooling 
of blood in the peripheral reservoirs with diminished venous return and 
inadequate tissue blood supply. This type of circulatory failure re- 
sembles the neurogenic type in that the initial change is vasodilatation, 
but when outspoken resembles the hematogenic type in that the venous 
return and cardiac output eventually undergo diminution. This se- 
quence of events is illustrated in the following diagram: 
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* One of the most important types of peripheral circulatory failure is 
that which occurs in the terminal stages of febrile diseases. Although 
considerable work has been done on this subject the mechanism is still 
obscure. 

THE EFFECTS OF DIMINUTION IN THE BLOOD SUPPLY TO THE TISSUES. 
Thus far the causes and mechanisms underlying peripheral circulatory 
failure have been considered. Regardless of the initiating agents this 
condition when sufficiently marked tends to lead to inadequacy of tissue 
blood flow. Such inadequacy is followed by a train of events which 
varies according to the acuteness of the onset and also according to 
whether the predominant circulatory disturbance is diminution in 
venous return with compensatory vasoconstriction and relatively good 
supply of blood to the brain and heart purchased at the expense of 
peripheral ischemia, or whether the predominant change is vasodilata- 
tion with decline in blood pressure and relatively well sustained pe- 
ripheral circulation with poor blood supply to the heart and brain. In 
the latter instance disorders of cerebral function predominate while in 
the former the manifestations are mainly those of disturbed function 
of the other organs. 

The character of the skin in peripheral circulatory failure has already 
been mentioned. It is slightly cyanotic with a grayish pale appearance. 
Ordinarily, the skin is “clammy”, i.e., cold and moist. However, 
when the circulatory failure results from slowly developing dehydration 
as the result of prolonged vomiting or diarrhea, the skin is usually ab- 
normally dry, as are the mucous membranes. 

Many patients with peripheral circulatory failure display coldness 
not only of the skin but of the interior of the body, the temperature being 
reduced. The oxygen consumption of the body is low (Aub, 1920). 

The pulse is characteristically rapid, feeble and ‘“‘thready.’’ As has 
been stated, the tachycardia is probably of reflex origin as the result of 
diminution in pressure in the aorta and carotid sinus. The peripheral 
vasoconstriction which plays an important réle in producing the typical 
appearance of the skin is probably induced by the same mechanism. 
Fishberg (1937) has suggested that prolonged and severe peripheral 
circulatory failure may secondarily lead to cardiac failure as the result 
of diminished coronary blood flow. Such a complication is probably 
rare. 

The blood usually shows evidences of concentration with increase in 
hemoglobin content. Peripheral circulatory failure due to hemorrhage 
is exceptional in this regard for here there is loss of red blood cells and 
the entrance of fluid into the blood stream following the bleeding causes 
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dilution of the hemoglobin. Disturbances of acid-base balance are 
frequent, alkalosis being the rule when circulatory failure develops be- 
cause of vomiting. More frequently acidosis is found due to starvation 
or to accumulation of lactic acid as a result of inadequate blood flow 
(Macleod, 1921). 

Impairment of renal excretion is common, the urine volume being 
diminished and the blood containing an increased amount of non-pro- 
tein nitrogen. Fishberg (1937) has pointed out that nitrogen retention 
may result from the diminution of renal circulation without any actual 
impairment of the kidney or that prolonged inadequate blood supply 
may actually lead to renal damage. The specific gravity of the urine 
is high in the former instance and low in the latter. 

After severe peripheral circulatory failure has endured for several 
hours the intestines become congested and edematous. This change has 
been thought to be specific evidence for the existence of a circulating 
toxin and has been cited in support of the traumatic-toxemia hypothesis 
of shock (Moon and Kennedy, 1932). However, Blalock (1931) showed 
that similar changes in the intestines were produced by hemorrhage. 
Freeman (1937) has recently found that these changes are absent in 
sympathectomized animals and has concluded that they are therefore 
the results of vasoconstriction with a diminution in the local blood 
supply. 

The most important and serious consequences of peripheral circula- 
tory failure are its effects on the central nervous system. These are 
usually more pronounced in the neurogenic than in the hematogenic 
type. The reason for this is that in neurogenic collapse the onset is 
sudden. Furthermore, because of vasodilatation the systemic blood 
pressure, which is the most important factor controlling the cerebral 
circulation, is reduced more than the cardiac output while the reverse 
relationship holds true in hematogenic shock. Unconsciousness is 
therefore an early manifestation of neurogenic collapse and does not 
signify that the disorder has reached alarming severity. When, how- 
ever, consciousness is lost as the result of hematogenic circulatory failure 
the outlook is extremely grave, for this only occurs as a late manifesta- 
tion when all compensatory mechanisms have begun to fail. Aside 
from apathy, stupor, unconsciousness and diminished acuity of the 
organs of special sense, the more primitive nervous mechanisms may be 
affected. Respiratory disturbances are not common but deep breathing 
of the air-hunger type may occur. After the blood pressure falls below 
Cannon’s critical level the vasomotor center may become weakened, 
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‘vascular constriction gives way to dilatation, further decline in blood 
pressure rapidly occurs and death soon ensues. Disturbed neuromotor 
function may be revealed by muscular twitching or coarse tremor. 
These latter manifestations are uncommon exccpt in the slowly develop- 
ing circulatory failure which results from dehydration. Minot and 
Dodd (1933) showed that under such conditions there is accumulation 
of guanidine (or related substances) in the blood, and that calcium 
medication may be beneficial. 

BACKWARD FAILURE OF THE HEART. Thus far the forward type of 
circulatory failure has been considered as exemplified by disorders of the 
peripheral vascular apparatus. Attention may now be directed to an 
entirely different disorder which sets in more slowly, lasts for a longer 
time, and is always the result of disturbances of the heart itself. The 
characteristic feature of backward failure is engorgement, which may 
occur either in the pulmonary or in the systemic circuits. Usually 
there is more or less engorgement in both of these areas but for the sake 
of clarity they will be discussed separately.! 

BACKWARD FAILURE OF THE LEFT SIDE OF THE HEART. Whenever 
for any reason there is an impediment to the entrance of blood into the 
left ventricle the pressure rises in the left auricle. Such impediments 
are of two types: Structural, as in the case of a stenosed mitral valve, 
or functional, i.e., dilatation of the left ventricle as the result of disease 
of its musculature, of a lesion of the aortic valve, or of sustained increase 
in peripheral resistance. When dilatation of the left ventricle becomes 
so marked that the emptying of the auricle is impeded the pressure in 
the latter chamber rises. Consequently, engorgement occurs upstream 
to the left side of the heart, i.e., in the pulmonary veins and capillaries. 
Since the arterioles of the lungs have relatively little tone the increase 
in pulmonary venous pressure readily leads to a rise in the pulmonary 
arterial pressure. The right ventricle therefore has to perform in- 
creased work and tends to dilate somewhat. However, unless this 


' Before the work of Mackenzie it had been generally believed that the two 
sides of the heart could fail separately. This concept was challenged by Mac- 
kenzie (1908), and for a time the idea that the “‘heart fails as a whole’’ was widely 
accepted in the English-speaking countries. Space does not allow us to consider 
the evidence bearing on this disputed point. This has been done elsewhere 
(Harrison, 1935a, 1935b). Suffice it to say that observations at the autopsy 
table as well as the many recent hemodynamic studies on patients with congestive 
heart failure indicate conclusively that the two sides of the heart may fail sepa- 


rately. A comprehensive survey of this subject may be found in the recent book 
by Fishberg (1937). 
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dilatation becomes marked, right-sided heart failure does not occur and 
the pressure in the right auricle and in the systemic veins remains nor- 
mal. Even so, the rise in the pulmonary intravascular pressure has 
important effects. Since the lungs are “spongy” and very abundant in 
capillaries a relatively slight increase in the pulmonary venous pressure 
leads to a large increase in the amount of blood in the lungs. If the 
amount of blood in the peripheral vascular bed is to remain normal an 
increase in blood volume must occur. Uhlenbruck and Vogels (1931) 
demonstrated such an increase in patients with failure of the left side 
of the heart. 

The volume of the pulmonary blood flow, i.e., the cardiac output of 
patients with heart failure has been the subject of extensive investiga- 
tion and considerable dispute. Thus Plesch (1909) found this function 
was usually increased, while Stewart and Cohn (1932) observed diminu- 
tion in their subjects. These observations as well as most of the other 
studies on this subject? are now recognized to have been made by 
methods which are liable to serious error. Investigations made more 
recently by several different methods carefully checked for inaccuracies 
are in general agreement in indicating that while the cardiac output is 
often diminished in patients with left-sided heart failure, such a rela- 
tionship is by no means always found and that even rather severe pul- 
monary congestion may occur in the presence of a normal minute volume 
(Hamilton, Moore, Kinsman and Spurling, 1932; Weiss and Robb, 
1933; Friedman et al., 1935; Harrison et al., 1934). 

Since the volume flow of blood is not increased through the lungs in 
patients with left-sided heart failure, while the size of the stream bed is 
increased as result of engorgement, the speed of flow must be diminished. 
Such diminution has been demonstrated by Blumgart and Weiss (1928), 
by Weiss and Robb (1933) and by Hitzig, King and Fishberg (1935). 
The latter workers showed that the veiocity of blood flow from the veins 
of the arm to the pulmonary capillaries, as measured by the ether 
method, was often normal in spite of marked prolongation of the ‘“arm- 
to-tongue”’ time as measured by the injection of saccharin. Evidently 
the slowing occurs chiefly in the pulmonary veins and in the venous ends 
of the capillaries. 

Failure of the left side of the heart does not produce a rise in systemic 
venous pressure. This function remains within normal limits until 
failure of the right side of the heart develops. 


2 The literature concerning the cardiac output in various types of cardiac 
disease has been summarized by Starr (1935), Harrison (1935) and by Fish- 
berg (1937). 
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* The relationship of arterial pressure to left-sided heart failure is com- 
plex. Hypertension is probably the most common cause of this type of 
failure. Under certain circumstances the reverse relationship may hold, 
a rise in blood pressure being the result of left-sided failure. The latter 
may occur when severe edema of the lungs produces arterial anoxemia 
and appears to be dependent on arterial anoxemia. 

The mechanism of left-sided heart failure is illustrated in the follow- 
ing diagram: 
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The effects of pulmonary congestion. Engorgement of the lungs has 
two important effects. It diminishes the vital capacity (Drinker, Pea- 
body and Blumgart, 1932), and causes reflex stimulation of breathing 
(Calhoun et al., 1931). These changes acting together result in labored 
breathing and in that subjective discomfort which is called dyspnea 
(1932). When the rise in the pulmonary capillary pressure becomes 
great enough the congestion is complicated by edema. When this is 
relatively slight it can be recognized by the presence of rales at the lung 
bases; severe pulmonary edema is associated with rales throughout the 
lungs and with arterial anoxemia.* In some patients acute pulmonary 
edema sets in suddenly and causes death within a surprisingly short 
time. 

Aside from diminution in vital capacity, reflex stimulation of breath- 
ing with resulting dyspnea and edema of the lungs, the only other im- 


3 Clinicians often make the error of assuming that the lungs are not congested 
because no rales can be heard. Actually a considerable degree of engorgement 
may exist in the absence of rales, which are a sign that the congestion has become 
severe enough to produce pulmonary edema. The lesser grades of pulmonary 
congestion are best detected by measurement of the vital capacity, which in- 
variably diminishes as the lungs become engorged. 
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portant direct effect of pulmonary congestion is cough, which is a fre- 
quent and distressing symptom in patients with this disorder. 

FAILURE OF THE RIGHT SIDE OF THE HEART. ‘There are certain struc- 
tural lesions which interfere with the filling of the right ventricle. The 
most important of these are tricuspid stenosis, constrictive pericarditis, 
and the presence of an excessive amount of fluid in the pericardial 
cavity. These conditions are less frequent than those which produce 
functional failure of the right side of the heart. Of the latter conditions 
much the most important cause is increased pressure in the pulmonary 
circvit as the result of left-sided failure. Less commonly pulmonary 
hypertension results from deformities of the chest or from extensive 
obliteration of the vascular bed of the lungs as the result of various 
chronic diseases. 

Regardless of its cause sustained and pronounced rise in the pressure 
in the pulmonary artery causes overwork, hypertrophy and eventually 
marked dilatation of the ventricle. When this proceeds to such a 
degree as to interfere with the emptying of the right auricle a rise in 
the systemic venous pressure occurs. Such arise, which was first demon- 
strated by Frey (1902), is, as was emphasized by Gaertner (1903), Clark 
(1915) and Eyster (1929), the cardinal physiologic disturbance of right- 
sided heart failure. In the mildest cases the veins may be only slightly 
prominent and the venous pressure within the “upper normal”’ limits. 
Even so, exercise produces an abnormally marked and unusually sus- 
tained increase in venous pressure (Schott, 1912; Harrison et al., 1932; 
Tetelbaum et al., 1935). With more outspoken failure of the right side 
of the heart the veins stand out prominently and the venous pressure 
rises above the normal value of 40 to 100 mm. of water (Eyster, 1929; 
Moritz and Tabora, 1910), reaching values of 200, 300 or even higher 
levels (Eyster, 1929; Blumgart and Weiss, 1928; Fishberg, 1937). 
Aside from severe emphysema and certain rarer causes of increased in- 
trathoracic pressure, failure of the right side of the heart is the only 
condition which produces a well marked rise in the general systemic 
venous pressure. 

When the elevation of venous pressure due to right-sided failure is 
of functional origin, i.e., due to dilatation of the right ventricle, it waxes 
and wanes with the state of the patient. However, when a structural, 
i.e., mechanical cause is responsible the venous pressure is sustained at 
a high level. This is the case in persons with tricuspid stenosis and in 
those with constrictive pericarditis. 

The arterial blood pressure may be altered in either direction. When 
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‘there is marked mechanical interference with the filling of the right 
ventricle the cardiac output may be so diminished that the systolic 
pressure and the pulse pressure decline. Under such conditions, which 
will be discussed later, the manifestations of forward and backward 
failure may coexist. More commonly the arterial pressure is elevated 
and declines as the heart failure improves. The mechanism of this 
Stauungshochdruck is not definitely known. Whether it is due to a 
reflex effect of the increase in venous pressure, to the coincident eleva- 
tion of intracranial pressure, or to a circulatory disturbance in the 
kidneys remains to be established. The possibility that an axone re- 
flex may be concerned is suggested by the recent work of Sodeman, 
Burch and Turner (1937), who found that obstruction of the venous 
return from the finger caused local vasoconstriction. 

The pulse rate is increased in almost all instances of right-sided heart 
failure. The mechanism of this change was elucidated by Bainbridge 
(1913), who showed that experimental increase in the pressure in the 
right auricle and in the terminal portions of the great veins produces 
tachycardia, and demonstrated that this acceleration is of reflex origin 
because it is abolished by vagotomy. 

The cardiac output per minute is subnormal in most patients with 
right-sided heart failure. However, this function is sometimes within 
normal limits and occasionally, as in heart failure due to thyrotoxicosis, 
it may be elevated. The cause of the diminution in output is the di- 
minished functional capacity of the dilated ventricular muscle. Therise 
in venous pressure tends to maintain the output at a normal level. 
Whether the output per minute is reduced or remains normal depends 
on which of these factors predominates. Much confusion has resulted 
in the past from the incorrect assumption that the manifestations of 
congestive heart failure are due to inadequate tissue blood supply, which 
actually produces the picture of collapse (forward failure). The symp- 
toms and signs occurring in individuals with backward failure of the 
heart are not dependent on an inadequate blood supply to the tissues, 
for improvement in the clinical state with disappearance of these symp- 
toms and signs may be accompanied by a change in the output per 
minute in either direction or by no change (Harrison, Friedman, Clark 
and Resnik, 1934). Because of the tachycardia the output of the heart 
per beat is subnormal in almost all patients with failure of the right 
side of the heart. 

The pulmonary vascular pressures are increased in most instances of 
right-sided failure, which is frequently caused by the increased pressure 
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in the pulmonary vessels as the result of left-sided failure. Failure of 
the right side of the heart does not cause increase in the pressure in the 
lesser circuit. 

Satisfactory measurements of the blood volume are difficult to perform 
in persons with right-sided failure because “‘mixing’’ of injected dyes 
occurs slowly in congested organs. The earliest measurements indi- 
cated that there was only a slight increase in the blood volume. Sucha 
conclusion was difficult to reconcile with the constant finding at autopsy 
of an increased amount of blood in the heart, veins and visceral capil- 
laries. A number of studies carried out with improved technique indi- 
cate that there is in fact a striking increase in the blood volume in sub- 
jects with right-sided failure (Evans and Gibson, 1937; Fishberg, 1937). 

The velocity of the peripheral blood flow is diminished when the right 
side of the heart fails. This was demonstrated by Blumgart and Weiss 
(1928), who showed by injecting radium emanation intravenously that 
the time required for blood to pass from a peripheral vein to the right 
side of the heart was prolonged. This conclusion is supported by recent 
work in which the arm-to-lung circulation time has been measured by 
the injection of ether (Hitzig, 1935; Hitzig, King and Fishberg, 1935). 
The causes of the slowing of the peripheral blood flow are twofold; 1, 
the diminution in minute volume which occurs in many of the cases of 
right-sided failure, and 2, the increase in the size of the stream bed as 
the result of venous engorgement, which occurs in all instances. 

The effects of failure of the right side of the heart. Aside from the altera- 
tions already cited there are certain other important results of the in- 
crease in venous pressure brought about by ‘‘back pressure’’ from the 
right heart. Increase in venous pressure in the right auricle and in 
the terminal portions of the great veins not only causes augmentation 
of the pulse rate (Bainbridge, 1913) but also leads to reflex stimulation of 
breathing (Harrison, Harrison and Marsh, 1932). This reflex is prob- 
ably concerned in the production of the dyspnea which occurs in patients 
with failure of the right side of the heart but without left-sided failure 
and without pulmonary congestion.’ 

Whenever there is any considerable rise in venous pressure the liver 
becomes engorged and produces pain and tenderness in the upper ab- 
domen. 


* Under such conditions the dyspnea is usually mild for, although the respira- 
tion is stimulated the vital capacity is not reduced, unless, as is usually the case, 
there is also left-sided failure. Severe cardiac dyspnea is always associated with 
left-sided failure and congestion of the lungs, which not only causes stimulation 
of breathing through the Hering-Breuer reflex but also reduces the vital capacity. 
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» The effect of the increase in venous pressure on the kidneys is to 
diminish the output of urine, for Clark (1915) showed that a definite 
inverse relationship exists between these two factors. Whether the 
tubules are actually obstructed by the engorged veins, or some other 
mechanism is responsible for the diminution in urine formation is not 
known. 

W. G. Harrison, Jr. (1934) has shown that the cerebrospinal fluid 
pressure bears a close relationship to the venous pressure in patients 
with congestive heart failure. He also found that withdrawal of cere- 
brospinal fluid sometimes caused diminution in dyspnea and decline in 
venous pressure. The mechanism of these changes merits further 
investigation. 

The most outspoken effect of sustained elevation of venous pressure 
as result of right-sided heart failure is the accumulation of fluid in the 
body tissues. Although other factors such as the osmotic pressure of 
the plasma proteins, the permeability of the capillaries to colloids, the 
resistance of the tissues to stretching, and the rate of lymph flow are 
concerned in edema formation, it is well established that the chief factor 
responsible for ‘“‘cardiac’’ edema is the increase in intracapillary pressure 
secondary to rise in systemic venous pressure. The same mechanism 
accounts for the collections of fluid in the serous cavities. According 
to Krogh, Landis and Turner (1932), fluid accumulates in the tissue 
spaces when the venous pressure rises above the level of 160 to 200 mm. 
of water. 


The mechanism of right-sided heart failure is illustrated in the follow- 
ing diagram: 
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FoRWARD AND BACKWARD FAILURE EXISTING SIMULTANEOUSLY. 
Under ordinary conditions forward failure of the circulation is of peri- 
pheral origin and sets in acutely, while backward failure, which is always 
of cardiac origin, usually develops slowly. In certain circumstances 
forward and backward failure may be present at the same time. The 
condition is then characterized by emptiness of the arterial system with 
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lowered arterial pressure and manifestations of collapse accompanied by 
fullness of the venous system and the signs of congestion. Under 
certain circumstances a patient with congestive heart failure may 
develop some complication, such as a severe infection, which leads to 
peripheral circulatory failure. Such a case was studied by Fishberg 
(1937). When the patient, a young woman with mitral stenosis, de- 
veloped pneumonia the previously elevated venous pressure was ob- 
served to fall to a subnormal level as peripheral circulatory failure set in. 

Instances of cardiac and peripheral failure occurring in the same 
patient are rare. The usual cause of the combined picture of forward 
and backward failure is sudden impairment of the function of the heart. 
Three groups of cases may be distinguished according to the acuteness 
of the onset. 

The most acute and dramatic form of failure of the heart is that lead- 
ing to sudden death, which is generally considered to be due to ventricu- 
lar fibrillation. It occurs most frequently in persons with angina 
pectoris. Here the arterial pressure declines abruptly while the venous 
pressure may rise. 

Almost as acute in onset are instances of cardiac syncope in which 
sudden bradycardia, which at times may be severe enough to amount 
to cessation of ventricular contraction for several beats, leads to a rapid 
fall in the arterial pressure and unconsciousness. The veins are usually 
distended during the attack. Such seizures may be brought about 
either by lesions of the bundle of His or by reflex influences. Some of 
the cases of syncope due to hypersensitivity of the carotid sinus are 
dependent on the sudden development of auriculoventricular dissocia- 
tion as the result of reflex vagal stimulation (Weiss et al., 1933a, 1933b, 
1936c). The syncopal type of acute cardiac failure resembles in most 
respects the neurogenic type of peripheral circulatory failure, for in 
both instances rapid decline in blood pressure and loss of consciousness 
may occur. 

There is a third kind of acute failure of the heart which resembles 
the hematogenic type of peripheral circulatory failure. This condition, 
which may be termed “cardiac collapse,’’ occurs when there is prolonged 
tachycardia of extreme degree such as paroxysmal auricular tachycardia 
or paroxysmal auricular fibrillation. Here decline in pulse pressure 
and the other manifestations of forward failure are accompanied by 
venous ‘distention and the other phenomena of backward failure. 
Another cause of acute cardiac collapse is sudden injury to the ventri- 
cular musculature, such as results from coronary thrombosis. In this 
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condition both the arterial and the venous pressure may be diminished 
but the pulmonary vascular pressures are probably increased for clini- 
cal signs such as dyspnea and rales at the bases, which indicate con- 
gestion and edema of the lungs, are usually present. Ordinarily the 
patient with coronary thrombosis develops failure of the left side of the 
heart, for infarction of the left ventricle is common while right ventricu- 
lar infarction is rare. The resulting sudden congestion of the lungs 
may lead to actual depletion of the systemic blood volume, which does 
not have time to undergo compensatory increase because of the acute- 
ness of the onset. Hence the peripheral venous pressure may be sub- 
normal in spite of (and because of) the pulmonary congestion. 

Another condition in which acute cardiac collapse occurs is massive 
pulmonary embolism. Here the obstruction in the pulmonary circuit 
may lead to marked reduction of the arterial pressure as well as to dila- 
tation of the right side of the heart and increase in the venous pressure. 

The classic example of combined forward and backward failure of 
the heart is cardiac tamponade, the result of hemorrhage into the peri- 
cardium or of rapidly developing effusions into this cavity. ‘The mecha- 
nism of this type of circulatory failure was demonstrated by Cohnheim 
(1889) when he showed that the introduction of fluid into the pericardial 
cavity of animals caused interference with cardiac filling and a conse- 
quent rise in venous pressure with fall in arterial pressure. A similar 
mechanism is concerned in the chronic circulatory failure of patients 
with constrictive pericarditis. Here again the filling of the heart is 
hindered, the venous pressure rises and the arterial pressure falls. 

The course of events which occurs with some of these conditions 
which produce combined forward and backward failure of the heart 
is illustrated in the following diagram: 
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SUMMARY 


Increase in arterial blood pressure is a common cause of heart failure, 
and also may be a result of heart failure (Stawungshochdruck). 

Decrease in arterial blood pressure is usually a manifestation of peri- 
pheral circulatory failure. However, it is sometimes the result of 
sudden cardiac failure. Under exceptional circumstances prolonged 
diminution in arterial pressure may favor the development of heart 
failure because of inadequate coronary blood flow. 

Increase in the pulmonary vascular pressures is nearly always the result 
of failure of the left side of the heart. Failure of the right side of the 
heart and of the peripheral vascular apparatus does not produce a rise in 
pressure in the pulmonary circuit and may even cause a diminution. 
Ordinarily the pulmonary arterial and pulmonary venous pressures 
vary in the same direction but under exceptional circumstances, such 
as embolism of the lungs, the venous pressure may be low and the arte- 
rial pressure high in the lesser circuit. 

Increase in systemic venous pressure occurs as the result of failure of 
the right side of the heart. Aside from marked emphysema and certain 
rarer causes of increased intrathoracic pressure this type of heart failure 
is the only cause of a sustained general elevation of the pressure in the 
veins of the resting subject. 

Diminution in the peripheral venous pressure is one of the cardinal 
manifestations of peripheral circulatory failure. Under exceptional 
circumstances a similar diminution may result from sudden accumula- 
tion of a large volume of fluid in the lungs brought about by rapidly 
developing failure of the left side of the heart. 

The complete story of the relationships of intravascular pressures to 
circulatory failure is complex. The general principles are simple, 
however. The changes which occur in the body tissues in general in 
the two types of circulatory failure can be readily produced in local 
areas by holding one hand high above the head and the other at arm’s 
length below the shoulder. The upper hand becomes pale with some 
diminution in both arterial and venous pressure. Theessential vascular 
change is that of emptiness and the condition is analogous to that of 
forward failure of peripheral origin. The lower hand becomes slightly 
blue with increase in arterial and venous pressures and undue fullness 
of the vessels. This state is analogous to that of backward failure of 
the heart. The “mixed’’ type of combined backward and forward 
failure of the heart can be illustrated by placing a blood pressure cuff 
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around the arm and inflating it to a point just above the diastolic pres- 
sure. The pressure in the arteries falls, that in the veins rises. 

Harvey’s conception of two chief forms of circulatory failure char- 
acterized respectively by emptiness and fullness is still valid. 
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THE NUTRITIVE SIGNIFICANCE OF THE AMINO ACIDS! 
WILLIAM C. ROSE 
Laboratory of Biochemistry, University of Illinois, Urbana 


Modern investigations have revealed that proteins are composed of at 
least twenty-two amino acids. During the process of digestion the 
amino acids are liberated, and pass unchanged into the portal circula- 
tion. Thence they are distributed throughout the organism, and serve 
as the substrates for the formation of the many characteristic tissue 
proteins, and of the multitude of non-protein nitrogenous components 
of the cells. Thus, the amino acids occupy a unique position in nutri- 
tion. In contrast to carbohydrates and fats, which are employed largely 
as fuels for the “protoplasmic fires,’’ amino acids derived from a well 
balanced diet serve mainly for purposes of synthesis. ‘‘We can obtain 
some idea of the possible variety in the combinations of the protein 
Bausteine by recalling the fact that they are as numerous as the letters 
in the alphabet which are capable of expressing an infinite number of 
thoughts. Every peculiarity of species and every occurrence affecting 
the individual may be indicated by special combinations of protein 
Bausteine, that is to say by specific proteins” (63). One of the most 
astounding attributes of living things is the unerring accuracy with 
which specific tissue components are manufactured out of the variable 
mixture of amino acids circulating in the blood. 

It is not the purpose of this review to outline the many chemical 
transformations and physiological functions in which the amino acids 
participate. Rather, attention is directed to a single aspect of anab- 
olism, namely, the significance of the individual amino acids as dietary 
components. Does their wide distribution in animal cells indicate that 
all must be supplied preformed in the food? If not, which are indis- 
pensable; and which are dispensable in the sense that they can be syn- 


1 The investigations of the author and his associates, outlined in the second and 
third sections of this paper, were supported by grants from the Rockefeller 
Foundation. Much of the experimental material has not yet been published in 
full, but will be presented in a series of articles elsewhere. 


In order to conserve space, this review is limited to experiments upon higher 
animals, particularly mammals. 
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thesized de novo by the organism? The importance of such questions 
was not recognized until after the beginning of the twentieth century. 
Although thirteen of the amino acids now accepted as components of 
proteins had been discovered prior to 1900, very meager information 
existed as to their quantitative distribution. Consequently, there pre- 
vailed little appreciation of the fact that the nutritive value of a protein 
depends upon the nature of its constituents. Under the circumstances, 
it is not surprising that perhaps undue emphasis was placed upon the 
quantity of protein ingested, and that scant consideration was given to 
possible differences in nutritive quality. 

With the advent of the Kossel and Kutscher (64) procedure for the 
isolation of the diamino acids, and of the Fischer (40) ester method for 
the separation of the monoamino acids, biochemists were provided for 
the first time with reasonably adequate tools for the study of protein 
structure. By the application of these and other improvements in 
technique, it was soon discovered that the kind and amounts of amino 
acids vary tremendously in proteins of different origins. Notable ex- 
amples were the lysine deficiency of gliadin (81, 111, 89), and the lysine 
and tryptophane deficiencies of zein (80, 83). Gelatin, one of the few 
proteins whose nutritive inferiority had previously been recognized, was 
found to be almost or entirely devoid of cystine, valine, isoleucine, tyro- 
sine, tryptophane, and hydroxyglutamic acid (27). 

These and other observations of a similar sort directed attention to 
the biochemical significance of the individual amino acids. As a con- 
sequence, protein metabolism became a much more complex phenom- 
enon than was originally supposed. Instead of being concerned with a 
single entity, it was now seen to involve the functions of each of the 
component amino acids. In 1914 Osborne and Mendel (85) remarked, 
“The current trend of the investigation of the chemistry of nutrition is 
emphasizing the significance of the amino-acids as the fundamental 
factors in all problems in which hitherto the rédle of proteins has been 
involved... The question of protein synthesis has now become a problem 
of the biochemical deportment of amino-acids.””’ Thus it became a 


matter of unusual importance to determine which amino acids are in-. 


dispensable, and which may be excluded from the food without inter- 
fering with the normal physiological processes of the organism. 
INVESTIGATIONS WITH “INCOMPLETE”? AND HYDROLYZED PROTEINS. 
In the earlier experiments, two methods of attack were employed almost 
exclusively. The first involved the administration of diets in which the 
nitrogen was supplied in the form of a single purified protein known to 
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be low in or devoid of one or more of the amino acids. The second con- 
sisted in feeding food mixtures carrying hydrolyzed proteins from which 
certain amino acids had been removed as completely as available 
methods permitted. Both procedures, though beset with limitations, 
yielded results of profound significance. 

Lysine and tryptophane. Among the earliest applications of the first 
method were the classic studies of Osborne and Mendel. These in- 
vestigators (84) showed that rats may be maintained for several months 
upon a diet in which gliadin is the sole protein. However, growth does 
not occur upon such a regime until lysine is incorporated in the food 
(85). This constituted the first conclusive proof that lysine is indis- 
pensable for the functions of growth. 

In like manner, Osborne and Mendel demonstrated the essential 
nature of tryptophane. Willcock and Hopkins (119) had shown in 
1906 that the protein zein “has no power whatever of maintaining 
growth in the young animal.”’ Furthermore, they reported that the 
addition of tryptophane to a zein ration is insufficient “to convert such 
loss (in weight) into equilibrium or gain,’ although the duration of life 
is thereby prolonged. Abderhalden (1, 2) and Wheeler (117) had also 
presented evidence for the importance of tryptophane. Abderhalden 
found that dogs upon a diet of casein freed of tryptophane lose nitrogen 
and decline in weight. The substitution of a ration containing the 
missing amino acid is followed by nitrogen retention and the recovery 
of body weight. Wheeler observed that mice upon zein diets lose weight 
less rapidly and survive longer when tryptophane is incorporated in the 
food. However, convincing proof of the unique rdéle of tryptophane in 
nutrition was not available until the publication of the investigations 
of Osborne and Mendel (85). The latter confirmed the observation of 
Willecock and Hopkins that rats receiving zein rations rapidly decline. 
But they made the additional discovery that the inclusion of both 
tryptophane and lysine is followed by growth. Lysine alone proved to 
be insufficient. 

The authors emphasized the fact that in such investigations “growth 
sets a standard decidedly higher than that of maintenance.”’ Further- 
more, they pointed out that the missing amino acids need not be sup- 
plied in the free state. The supplementation of a zein diet with another 
protein containing adequate quantities of lysine and tryptophane re- 


sults immediately in growth (86). Undoubtedly, both lysine and tryp- is 
tophane are indispensable dietary components. In the absence of, 


either, nutrition fails and eventually death results. AT 
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Cystine and methionine. These amino acids are of peculiar interest 
inasmuch as they are the only known protein components which contain 
sulfur. The first, cystine, was investigated by Osborne and Mendel 
(87). They observed that when 18 per cent of casein is incorporated 
in an otherwise adequate diet, young rats receiving such a food mixture 
grow at normal rates. However, when the proportion of casein is 
progressively diminished, the rate of increase in body weight is inhibited. 
At a ievel of 9 per cent, growth occurs at approximately half the normal 
speed. In view of the small percentage of cystine in casein, this amino 
acid was suspected of being the limiting factor. Indeed, tests showed 
that its addition to the ration immediately accelerated the growth of 
the experimental animals. These findings were interpreted as demon- 
strating the essential nature of cystine. 

Evidence in confirmation of the above has been presented from nu- 
merous laboratories. Johns and Finks (57) found that the addition 
of cystine to diets containing cooked phaseolin or navy bean meal 
markedly improves the quality of the food. The proteins of the cow- 
pea (39) and of the lentil (59) are similarly enhanced in nutritive value 
by the addition of cystine. Moreover, Sherman and Merrill (97) and 
Sherman and Woods (98) have devised rations of whole milk powder 
overdiluted with starch which have been extensively employed in test- 
ing the ability of other sulfur compounds to replace cystine for growth 
purposes. In the face of such overwhelming evidence there can be no 
doubt that the amino acid in question is capable of stimulating the 
growth of animals upon any one of a number of low protein diets. 

The indispensability of cystine became less certain, however, when 
Jackson and Block (54, 55) made the remarkable observation that meth- 
- jonine also is able to supplement a low casein ration. Similar findings 
were reported by Weichselbaum, Weichselbaum, and Stewart (115). 
It is not yet clear whether the substitution is due to a direct transfor- 
mation of methionine into cystine, or to the ability of each of the two 
amino acids, under appropriate conditions, to perform certain functions 
in which both ordinarily participate. In this connection it should be 
noted that Brand, Cahill, and Harris (17),and Lewis, Brown,and White 
(67) found that the administration of methionine to cystinuric patients 
is followed by the excretion of extra cystine in the urine. On the other 
hand, cystine, administered under like circumstances, is almost com- 
pletely oxidized, and does not contribute to the output of cystine. The 
problem of the quantitative interchangeability of methionine and cys- 
tine, as well as their final classification with respect to growth, will be 
considered below. 
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* Histidine and arginine. One of the first investigations dealing with 
the functions of these amino acids was conducted by Henriques and 
Hansen (50). These authors reported that the removal of arginine, 
histidine, and lysine from an enzyme digest of a protein yields a mixture 
of amino acids which is adequate for the maintenance of positive nitro- 
gen balance. Their conclusion was based upon a single experiment, and 
the data are far from convincing. Osborne and Mendel (85) found 
that the addition of arginine and histidine to the diet of one rat receiv- 
ing zein supplemented with lysine and tryptophane appeared to occasion 
a slightly more rapid increase in body weight. Similar tests upon two 
additional animals failed to yield significant differences in growth (86). 

In 1916, Ackroyd and Hopkins (5) observed that when arginine and 
histidine are removed from acid-hydrolyzed casein the resulting mate- 
rial, though supplemented with tryptophane, is inadequate for main- 
tenance or growth. The authors state that if either arginine or histidine 
is added to the ration, no loss in weight occurs, and growth may be 
resumed. From these results they concluded that the two amino acids 
are interchangeable in metabolism, but that at least one must be present 
in the food. A similar conclusion was reached by Geiling (41) in ex- 
periments upon adult mice. According to Stewart (103), the restora- 
tion of arginine to a diet deficient in the two amino acids prevents 
further loss in weight, but does not induce growth. More recently, 
Kamachi (60) has presented evidence to show that arginine injected 
into developing chick embryos is converted in part to histidine. In 
this connection, the experiments of Arnold, Kline, Elvehjem, and Hart 
(8) are of peculiar interest. These authors report that the growth of 
day-old chicks is accelerated by the addition of arginine to the ration, 
even when the latter contains 18 per cent of casein. The effect is said 
to be more pronounced during the first six weeks of life. 

In so far as the indispensable nature of histidine is concerned, the 
investigations of Rose and Cox (93, 94) completely confirmed the find- 
ings of Ackroyd and Hopkins. On the other hand, the former were un- 
able to demonstrate an interchangeable relationship between the two 
amino acids. The addition of histidine to the diet invariably induced 
an immediate and rapid increase in weight of the animals; but the in- 
clusion of arginine exerted no influence upon growth, even when the 
quantity added was equivalent to the sum of the arginine and histidine 
present in casein. Confirmatory evidence in support of the essential 
nature of histidine was furnished by the later publications of Cox and 
Rose (24, 25), and by Harrow and Sherwin (49). 

Procedures quite different from those outlined above have been ¢ em- 
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ployed in attempts to gain further insight into the réle of arginine in 
nutrition. According to Crowdle and Sherwin (26), fowls are able to 
synthesize ornithine for the detoxication of benzoic acid. This ob- 
servation suggests that since ornithine is a product of the hydrolysis of 
arginine the latter also may be produced in vivo, at least in the species 
in question. Krebs and Henseleit (65) believe that the mechanism of 
urea formation involves the conversion of ornithine into arginine 
through citrulline as an intermediate. The arginine is then decomposed 
by arginase into urea and ornithine, rendering the latter available for 
the continuation of the reaction. 

That arginine can be synthesized in the organism of the rat has been 
established by Scull and Rose (95). The method involved a comparison 
of the arginine intakes of growing rats on an arginine-low diet and the 
increments in tissue arginine, in order to determine whether the latter 
could be accounted for by the amount of the amino acid in the basal 
ration and vitamin supplement. For this purpose, hydrolyzed casein 
was rendered as nearly devoid of arginine as possible, and was incor- 
porated in a diet which was administered ad libitum. At the beginning 
of the experiments, litter mates of the animals employed in the growth 
studies were killed and subjected to analysis in toto for arginine. The 
other members of each litter received the experimental diet for a period 
of 64 days. In the meantime, they had gained 73 to 113 grams each. 
They were then killed and analyzed. Without exception the increase 
in tissue arginine was 2 to 3 times as large as could be accounted for by 
the total arginine content of the food. As was pointed out by the 
authors, these findings seemed to indicate that the amino acid is not an 
indispensable dietary component. That this conclusion does not 
necessarily follow, despite the incontrovertible evidence for arginine 
synthesis, will be explained below. 

Evidence indicating the dispensability of certain amino acids. Much 
inconclusive evidence is found in the literature pointing to the possibil- 
ity that a number of protein components may be excluded from the 
food without inhibiting growth. It is well known that when benzoic 
acid is administered to man or to most animals it is conjugated with 
glycine and eliminated in the urine as hippuric acid. By measuring the 
maximum production of hippuric acid in rabbits and goats, Wiechowski 
(118), Ringer (91) and others have reported that the output of glycine 
in the form of the conjugated product may actually exceed that found 
preformed in the proteins catabolized. The origin of the excess glycine 
is unknown; but McCollum and Hoagland (70), Lewis (66), and Shiple 
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and Sherwin (100) have shown that a considerable portion of the nitro- 
gen, which under ordinary circumstances appears in the urine as urea, 
may, after relatively large doses of benzoic acid, be diverted from its 
normal path, and be used in the formation of hippuric acid. These 
observations have led to the general impression that glycine may be 
synthesized from ammonia and non-nitrogenous materials, or from other 
amino acids. Furthermore, the fact has sometimes been emphasized 
that casein, which is relatively low in glycine, serves admirably for 
purposes of growth in both man and animals (Abderhalden, 1, 3). In 
like manner, gliadin and zein, which are supposed to be devoid of gly- 
cine, are made satisfactory for the needs of the organism by suitable 
supplementation without the addition of glycine. 

On the other hand, the evidence is not all in favor of the dietary dis- 
pensability of this amino acid. Griffith and Lewis (44) have demon- 
strated that the amount of preformed glycine present in the diet is a 
dominant factor in the rate of hippuric acid excretion (and probably its 
synthesis) in rabbits. The administration of glycine, or of proteins 
containing it (45), accelerates the rate of detoxication of benzoic acid. 
Furthermore, all biological attempts to discover precursors of glycine 
have met with failure (91, 44, 34, 29). More recently, Griffith (42, 
43) has shown that the growth of young rats may be inhibited by the 
inclusion of benzoate in the food unless glycine as such, or in the form 
of protein, is supplied in amounts sufficient both to detoxicate the ben- 
zoate and to meet the needs of tissue synthesis. These results suggest 
that if the in vivo synthesis of glycine occurs at all, the quantity so 
produced is quite limited. 

About twenty-five years ago Abderhalden (1) suggested that proline 
might not be an indispensable amino acid. Sure (107), on the contrary, 
regards it as a necessary dietary constituent. Neither investigator 
provided convincing proof for his conclusion. St. Julian and Rose (105) 
removed proline as completely as possible from hydrolyzed proteins, 
by forty extractions with hot absolute alcohol, without impairing the 
growth-promoting value of the resulting material. In all probability 
this treatment removed the hydroxyproline also inasmuch as the solu- 
bility of the latter in absolute alcohol is increased by the presence of 
proline (61). The literature records very little additional information 
concerning the possible nutritive significance of hydroxyproline. Spérer 
and Kapfhammer (102) call attention to the fact that many vegetable 
products, notably soy bean flour, do not contain detectable amounts 
of this amino acid. The authors remark, that in view of the quantita- 
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tive importance of soy beans in the dietaries of oriental peoples, hy- 
droxyproline may not be an essential constituent. 

The opinion that proline and hydroxyproline are dispensable is not 
in agreement with the findings of Adeline (6), who reports that rats upon 
diets containing only 6 per cent of edestin cease growing after approxi- 
mately twelve weeks. The addition of either proline or hydroxyproline 
is said to remedy the nutritive deficiency, and to induce growth. She 
concludes, therefore, that the two amino acids are interchangeable in 
metabolism. Unfortunately, the data are not so extensive nor so clear- 
cut as one would wish in view of the conflicting evidence regarding the 
subject. 

The dibasic amino acids have attracted considerable attention. 
Many years ago, Hopkins (53) expressed the opinion that neither as- 
partic nor glutamic acid is indispensable. Sherwin, Wolf, and Wolf 
(99) report that glutamine can be synthesized by the human subject 
for the detoxication of phenylacetic acid, which in man is excreted in 
the urine as phenacetylglutamine. This observation was confirmed 
by Shiple and Sherwin (100), who state that the synthesis is accom- 
plished at the expense of nitrogen which otherwise would appear in the 
excreta as urea. Furthermore, the latter investigators affirm that both 
glycine and glutamine may be synthesized simultaneously in man follow- 
ing the administration of a mixture of benzoic and phenylacetic acids. 
Hydroxyglutamic acid has usually been regarded as non-essential inas- 
much as edestin, which presumably is devoid of this amino acid (82), 
supports normal growth when included in the ration to the extent of 
15 to 18 per cent (84, 87). 

In an effort to obtain further information concerning the relation of 
the dibasic amino acids to growth, St. Julian and Rose (104) removed all 
three simultaneously from hydrolyzed casein according to the procedure 
of Kingston and Schryver (62). Jones and Moeller (58) are of the opin- 
ion that this method accomplishes a practically quantitative precipita- 
tion of the dibasic acids. The amino acids remaining in solution were 
supplemented with tryptophane and cystine, and employed as the 
sources of nitrogen in an otherwise adequate ration. The total amino 
acids were reduced to 9 per cent of the diet; but despite this fact, the 
experimental subjects grew just as well as did their litter mates which 
received the dibasic acids. This pointed rather strongly to the con- 
clusion that the amino acids in question are dispensable. 

It is not inconceivable that the prolines, the glutamic acids, and orni- 
thine (arginine) might be mutually interchangeable in metabolism, or 
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at least be capable of yielding a single essential. The similarity of the 


five compounds in chemical structure may be seen from the accompany- 
ing formulas. 


CH, CH, CH. CH, 

| | NH | NH | 
COOH COOH COOH COOH COOH 
Glutamic Hydroxyglutamic Proline Hydroxyproline Ornithine 


acid acid 


Indeed, Abderhalden (1) has suggested that glutamic acid and pro- 
line may be capable of replacing each other. St. Julian and Rose (106) 
endeavored to obtain evidence for such an interrelationship by removing 
all five amino acids from hydrolyzed casein, and feeding the residue, 
suitably supplemented with cystine, tryptophane, and histidine, at a 
level of 11.5 per cent of the diet. Each animal which received this 
ration gained at a rate of approximately 1 gram per day. The addition 
to the food of aspartic acid, glutamic acid, proline, and arginine failed 
to accelerate the increase in body weight. While the results appeared 
to indicate the dispensable nature of these protein components, it was 
recognized that ‘final judgment must await the results of feeding ex- 
periments involving the use of mixtures of highly purified amino acids 
known to be entirely devoid of the compounds in question.”’ 

Wada (113, 114) has reported the isolation of a new amino acid, 
citrulline, from the juice of the water-melon, and later from a tryptic 
digest of casein. Its structure is closely related to that of arginine, 
being a-amino-é-ureidovaleric acid. Its presence in casein does not 
invalidate the findings of St. Julian and Rose. Acid hydrolysis trans- 
forms citrulline into proline, and the latter would have been removed by 
the repeated alcohol extractions. 

With respect to tyrosine and phenylalanine, Abderhalden (3) believes 
that the two amino acids are interchangeable, at least in part, but that 
one must be included in the food. Embden and Baldes (31) found that 
the perfusion of the surviving liver with blood containing phenylalanine 
leads to the production of small amounts of tyrosine. However, evi- 
dence in conflict with this conception has been reported by Dakin (28), 
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and more recently by Shambaugh, Lewis, and Tourtellotte (96). If 
phenylalanine is transformed into tyrosine as the first step in its me- 
tabolism, as Embden and Baldes believe, then both amino acids should 
yield the same intermediates in the body. According to Lewis and his 
associates, this is not the case. Totani (109), Lightbody and Kenyon 
(68), and Alcock (7) were unable to demonstrate any relationship be- 
tween the growth of rats and the tyrosine content of the ration. Un- 
fortunately, the diets employed by the above investigators were not 
devoid of phenylalanine inasmuch as no method is known for the com- 
plete removal of this amino acid from hydrolyzed proteins. 

Summary. From the above review of the literature it is evident that 
the older methods of investigating the significance of the individual 
amino acids yielded comparatively little information of a convincing 
sort. This was due to the inherent defects in the procedures. If ani- 
mals are deprived of a given amino acid, and experience a nutritive fail- 
ure which is relieved by the administration of the missing dietary com- 
ponent, the interpretation of the findings is obvious. On the other 
hand, it is not possible to draw final deductions from the results of stud- 
ies in which the supposed removal of an amino acid fazls to inhibit 
growth. The want of delicate tests for most of the protein components, 
and the fact that even the best methods for their separation are not 
strictly quantitative, introduce elements of uncertainty in the evalua- 
tion of the experimental data. It must be recalled that even traces of a 
life essential may suffice to meet the growth requirements of the or- 
ganism. 

Furthermore, partial removal of amino acids from the diet may actually 
lead to erroneous conclusions. Thus, the supplementing action of cys- 
tine, when incorporated in low casein rations, appeared to furnish per- 
fectly satisfactory evidence for its indispensability until methionine was 
shown to exert the same effect. The complications which thereby arose 
have already been referred to, and will be discussed in greater detail 
later. 

In summarizing the achievements of almost three decades of en- 
deavor, one may affirm with confidence that tryptophane, lysine, and 
histidine have been shown to be indispensable; but to draw definite 
conclusions regarding the other amino acids would be extremely hazard- 
ous in view of the conflicting testimony with respect to most of them. 
Of those which are supposed to belong to the non-essential group, per- 
haps the evidence is strongest in the case of the dibasic amino acids. 
It is doubtful, however, whether any one of the experimenters who un- 
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dertook to prepare diets devoid of a given amino acid was entirely suc- 
cessful in accomplishing his purpose. 

These considerations made it apparent that if further information 
was to be obtained regarding the nutritive value of the amino acids, a 
more satisfactory technique must be devised for attacking the problem. 
The solution was found in the use of diets in which the proteins were 
replaced by mixtures of highly purified amino acids. Even under these 
relatively ideal conditions, it is not possible to prevent the introduction 
of some nitrogen of unknown kind in the materials employed as sources 
of the water-soluble vitamins. Experience has shown, however, that 
this can be reduced to an amount which is probably negligible. The 
application of this procedure, and the results so obtained are described 
below. 

INVESTIGATIONS WITH MIXTURES OF AMINO ACIDS. The use of known 
mixtures of amino acids in place of proteins is not a new procedure in 
nutritional experiments. On several occasions in the past sporadic 
attempts have been made to maintain body weight or to induce growth 
upon dietary regimes of this nature. In the majority of instances, the 
experiments were discontinued because the animals declined in weight 
and rejected the food. Frequently, the loss of appetite was held re- 
sponsible for the nutritive failure. 

Among the earliest attempts to substitute synthetic mixtures of amino 
acids in place of proteins was that of Abderhalden (1). This investi- 
gator incorporated sixteen amino acids in the diet, and employed dogs 
as the experimental animals. The latter experienced diarrhea and vom- 
iting, and refused to eat much of the food. For periods of six to eight 
days they are said to have been maintained in approximate nitrogen 
equilibrium. 

Hopkins (53) found that rats which received cystine, tyrosine, lysine, 
tryptophane, and histidine as the only sources of nitrogen manifested a 
“remarkably slow loss of weight, and long maintenance of apparent 
health.”” When, however, leucine, valine, alanine, glycine, and glu- 
tamic acid were fed in place of the previous mixture, the losses in weight 
were rapid, and the animals soon succumbed. At about the same time 
Osborne and Mendel (88) described very briefly the results of similar 
experiments. They say (p. 2, footnote): 


We have attempted to learn whether it would be possible to maintain rats on a 
non-protein diet with additions of tryptophane alone, or together with cystine, 
histidine, tyrosine, phenylalanine, proline, and ammonium citrate, or urea. 
All such attempts failed, even when the supply of energy in the form of non- 


q 


120 WILLIAM C. ROSE 


protein substances was liberal and the food contained all of the necessary inor- 
ganic salts and “‘food accessories,’’ and in addition at least 0.5 per cent of protein, 
present in the “‘protein-free’’ milk. On such diets the rats declined just as rapidly 
as when the amino-acid additions were not made. 


In experiments involving the alternate feeding of a, diets containing 
six to fifteen amino acids, and b, a nitrogen-free diet (except for the 
nitrogen present in 28 per cent of “protein-free”? milk), Mitchell (77) 
succeeded in keeping mice alive for 70 to98 days. During these periods 
the animals showed pronounced losses in weight. The author states that 
the alternate feeding induced a better total food consumption than did 
the administration of the amino acid ration alone. ‘However,’ he 
adds, “it is probable that in no case was the amino-acid intake suffi- 
ciently large to assure a fair test of its adequacy.”’ 

Abderhalden (4) conducted extensive studies in which he administered 
diets containing mixtures of amino acids, glucose, fatty acids, glycerol, 
and inorganic salts, with and without the addition of yeast. In the 
absence of the latter the animals rapidly lost weight. With the addi- 
tion of 0.1 gram of yeast daily the rats are said to have gained. The 
author concludes (p. 225): “Bei wachsenden Tieren ergab sich, dass die 
Bausteinnahrung das Wachstum nicht unterhalten kann. Erst bei 
Zusatz von ganz geringen Mengen von Hefe bzw. von Butter usw. kam 
das Wachstum in Gang.’’ The amino acid mixture contained nineteen 
amino acids including a-aminobutyric acid. Hydroxyglutamic acid 
was not present; and methionine, at the time of publication of the paper, 
had not been identified as a component of proteins. 

More recently Suzuki, Matsuyama, and Hashimoto (108) attempted to 
maintain rats upon a ration of purified amino acids, protein-free milk, 
butter, starch, and calcium lactate and phosphate. Fourteen amino 
acids and ammonium carbonate were employed as the sources of nitro- 
gen. Serine, isoleucine, norleucine, hydroxyglutamic acid, hydroxy- 
proline, and methionine were not present in the food. The animals 
rapidly lost weight, and died during the experiments. McClendon (69) 
has suggested that peptids may be necessary for normal nutrition, and 
that the growth failure of animals on synthetic mixtures of amino acids 
may be attributable to the absence of such complexes from the food. 

It should be emphasized that several of the experiments outlined 
above were undertaken when very meager information existed concern- 
ing the dietary importance of vitamins, and before certain cleavage 
products of proteins had been discovered. Thus, methionine was not 
isolated by Mueller (78) until 1922. On the other hand, some investi- 
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gators might have been more successful had they not been unduly dis- 
couraged by the failure of their animals to consume adequate quantities 
of the diets. Instead of interpreting the loss of appetite as an indication 
of dietary deficiency, they appear to have assumed that the rejection 
of the food was due to its taste or texture. That the latter explanation 
is not the correct one will be evinced below. 

Experiments involving the substitution of amino acids for proteins 
were begun in the author’s laboratory in 1930, and since then have been 
in progress continuously. In formulating our first amino acid mixtures 
we attempted to imitate the composition of casein as expressed in the 
best available analyses of this protein. Nineteen amino acids were em- 
ployed. Of the generally accepted protein components only hydroxy- 
glutamic acid and citrulline were not available to us. Attention has 
already been directed to the fact that citrulline is dispensable. That 
the absence of hydroxyglutamic acid was not a limiting factor was made 
evident by the addition to the diet of a crude preparation of this amino 
acid. It exerted no beneficial effects. 

In addition to the amino acids, our earlier diets always carried 1 per 
cent of glucosamine hydrochloride. Inasmuch as Rimington (90) and 
others have found this compound to be present in a number of proteins, 
its nutritive importance was uncertain. In order to exclude the possi- 
bility of a deficiency from this source, it was included in the food until 
subsequent investigations showed it to be unnecessary (35). The 
rations uniformly contained amounts of the mixtures sufficient to pro- 
vide 18 to 21 per cent of the active amino acids including glucosamine, 
in addition to suitable quantities of carbohydrates, fats, inorganic salts, 
and vitamins. Food and water were kept in the cages at all times, so 
that the animals ate and drank ad libitum. 

Despite the fact that our amino acid mixtures were more nearly com- 
plete than any hitherto employed in such investigations, the diets for- 
mulated as described above were totally incapable of meeting the de- 
mands of growth (92). Young rats receiving the rations lost weight 
very rapidly during the first twelve days, and then declined gradually 
or maintained body weight to the end of the experiments. Under 
these conditions, the food intakes were exceedingly low. The latter 
fact did not surprise us in view of the marked inadequacy of the food. 
At the time we commented as follows: 


Our experience with other types of deficiencies involving the nitrogenous por- 
tion of the ration has taught us to expect a marked failure in appetite when the 
diet is completely devoid of an essential component. . .. Hundreds of experiments 
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... involving the use of completely hydrolyzed proteins, have demonstrated 
that rats readily consume adequate amounts of diets in which the nitrogenous 
portion is in the form of mixtures of amino acids, provided all of the materials 
necessary for growth are available. (Rose (92), pp. 163-4.) 


These considerations led us to conclude that growth-promoting pro- 
teins contain at least one essential other than the twenty-one amino 
acids then recognized, and that the nutritive failure of our animals upon 
the synthetic diets was due to the absence of this unknown substance. 
Almost immediately this hypothesis was confirmed by the observation 
that the quality of the ration was improved by the substitution of 5 
per cent of casein, gliadin, or gelatin for an equivalent quantity of the 
amino acid mixture (30). Evidently the proteins furnished something 
which was lacking in the amino acid mixture. 

Inasmuch as neither gelatin nor gliadin was as effective as casein, the 
latter appeared to be the most promising protein of the three to employ 
in a search for the unknown growth essential. Consequently, a large 
quantity of casein was hydrolyzed, and the resulting amino acids were 
separated into five groups, namely, the less soluble acids, the dibasic 
acids, the diamino acids, the alcohol-soluble material (proline), and the 
monoamino acids. Each crude fraction was then tested for the un- 
known growth factor by determining its supplementing action when in- 
corporated in the diet in place of an equivalent quantity of the amino 
acid mixture. The first four fractions exerted little or no effect upon 
growth; but the monoamino acids manifested much more activity than 
did whole casein. Indeed, by a second fractionation of part of the mono- 
amino acids a material was obtained which induced normal growth when 
included in the food to the extent of 5 per cent (120). The food intakes 
increased as the supplements rendered the diets more satisfactory for 
growth. This is in accord with our conviction that growing animals 
lose the desire to eat when the food is not suitable for tissue synthesis, 
but regain it when all of the components required for anabolism are made 
available. 

It is unnecessary to detail the many attempts which were made to 
isolate the new dietary essential during the subsequent four years. 
Other methods of protein fractionation, notably the carbamate proce- 
dure of Kingston and Schryver (62), and the copper salts technique of 
Town (110), were found to be moderately useful in effecting a concen- 
tration (19, 20). A number of properties of the compound were also 
discovered; but on the whole, progress for some time was distressingly 
slow. This was due largely to the fact that our mixtures of purified 
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amino acids contained insufficient amounts of isoleucine. There was 
no way in which this could have been anticipated. No reliable informa- 
tion is to be found in the literature regarding the isoleucine content of 
proteins. Furthermore, the substance we were endeavoring to isolate 
was intimately associated with isoleucine. The crude fractions of pro- 
teins contained both compounds, and when added to the diets, not only 
furnished the unknown, but compensated for the isoleucine deficiency 
as well. 

Such was the baffling situation in the fall of 1934 when this “dual 
nature” of what had previously been regarded as a single entity was 
discovered (123). In the meantime, blood fibrin had been found to be a 
better source of the unknown than is casein. The two “active” com- 
ponents of a fibrin fraction were soon separated, and the isoleucine was 
identified. Shortly thereafter, the new growth essential was isolated 
in pure form, and shown to be one of the four optically isomeric 
a-amino-$-hydroxy-n-butyric acids (71). Amixture of these, possessing 
growth-stimulating action, was synthesized in this laboratory by Carter 
(21). Later investigations proved that the spatial configuration of the 
natural product is exactly analogous to that of the sugar, d(—)-threose. 


For this reason it was named, d(—)-threonine (75). Its formula is shown 
below. 


. H.N—C—H 


CH; 
d(—)-Threonine 


Threonine has been isolated to date from fibrin and casein only. 
However, its wide distribution has been shown by determining the 
growth-stimulating action of a number of purified proteins, or readily 
available mixtures of proteins, when incorporated in a threonine-free 
but otherwise adequate diet (101). The data, which are of comparative 
value only, indicate that fibrin and the serum proteins are the best 
sources so far discovered. At the other extreme are gelatin, zein and 
gliadin, which are exceedingly poor sources of threonine. Casein, 
edestin and several other proteins occupy intermediate positions with 
respect to their content of this amino acid. 

Before the isolation and identification of threonine had actually been 
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accomplished, several investigations designed to determine the nutritive 
importance of certain recognized protein components had already been 
initiated in this laboratory. “In these studies, advantage was taken of 
the fact that excellent growth may be jnduced in rats by the adminis- 
tration of diets in which the nitrogen is supplied in the form of mixtures 
of the known amino acids supplemented with crude concentrates of 
threonine. If, under these conditions, an amino acid is excluded from 
the food, a deficiency will be created provided the compound in question 
is indispensable, and the threonine concentrate is largely or entirely 
devoid of it. 

The first studies of this nature had to do with the nutritive signifi- 
cance of phenylalanine and tyrosine (122). The evidence for and 
against the interchangeability of these two cleavage products of proteins 
has already been outlined. The threonine concentrate was prepared 
from casein. The contaminating phenylalanine was largely removed in 
the form of its copper salt, which is relatively insoluble in water (18), 
and hence may be separated from the readily soluble copper salt of 
threonine. The tyrosine content of the concentrate was reduced to a 
low value by direct crystallization followed by alcohol precipitation. 

In the feeding trials the absence of both phenylalanine and tyrosine 
from the diet resulted in complete nutritive failure, but the introduction 
of the two amino acids was followed immediately by rapid growth. 
Furthermore, animals which received phenylalanine alone grew just as 
satisfactorily as did their litter mates which ingested both amino acids. 
On the other hand, the substitution of tyrosine for phenylalanine was 
accompanied invariably by a rapid loss in body weight. These facts 
demonstrated quite conclusively that phenylalanine is an indispensable 
dietary component, and that it and tyrosine are not mutually inter- 
changeable in metabolism. Definite conclusions regarding the dis- 
pensability of tyrosine could not be drawn from the above data inasmuch 
as the threonine concentrate furnished 1 to 2 mgm. of tyrosine to each 
animal daily. However, more recent experiments in this laboratory 
have provided convincing proof that this amino acid is non-essential. 
Since tyrosine is widely distributed in body proteins, and since most, if 
not all, investigators are agreed that only typical proteins characteristic 
of the tissues can be formed by the organism,? one is warranted in con- 
cluding that phenylalanine can undergo oxidation to tyrosine in vivo, 
but that the reverse process does not occur. 


2 “That the tissues either form a typical protoplasmic product, or none at all, 
now seems to be axiomatic in physiology.’’ (Osborne and Mendel (85).) 
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* Similar experiments were carried out with leucine, isoleucine, and 
norleycine (124). The threonine concentrate in this case was prepared 
from fibrin. In the absence of the three amino acids, the diet proved 
to be quite incapable of meeting the needs of the organism. The ani- 
mals declined in weight very rapidly. Furthermore, the inclusion of 
any one of the leucines without the others failed to enhance the quality 
of the ration. On the other hand, when both leucine and isoleucine 
were present, normal growth occurred. Of the three possible com- 
binations of two leucines each, only the one composed of leucine and 
isoleucine was capable of supporting growth. The data demonstrated 
that both leucine and isoleucine are essential components of the food. 

It was pointed out (124) that the above experiments did not neces- 
sarily disprove the possibility that norleucine also may be required for 
growth, although the presumptive evidence was contrary to such an 
opinion. Since no characteristic test for this amino acid is available, 
it was not possible to determine what amount, if any, was present in the 
threonine concentrate. Examination of the growth curves made evi- 
dent the unexpected fact that when this amino acid was incorporated 
in the food, the animals almost invariably experienced greater losses 
in weight, or achieved less rapid gains, than when it was omitted. This 
appeared to indicate that norleucine is not only dispensable, but may 
actually be detrimental. 

In order to exclude the possibility that the norleucine preparation, 
which was a synthetic one, might have been contaminated with toxic 
impurities in amounts too small to be detected by the usual analytical 
procedures, additional experiments were conducted (36). For this 
purpose, dl-norleucine was recrystallized ten times after it yielded cor- 
rect analytical values for nitrogen. Some of the product was resolved. 
The purified d-, l-, and dl- forms, when incorporated in the food to the 
extent of 1 to 2 per cent, still manifested the moderate growth-inhibi- 
tory action of the original dl-norleucine. Pure threonine instead of a 
crude concentrate was employed in these diets. Regardless of the 
explanation of the apparent toxicity, the new experiments demon- 
strated that norleucine is certainly a dispensable amino acid. 

Once threonine had been isolated in a pure state, the classification 
of the remaining amino acids was a comparatively simple problem. The 
objectionable feature of introducing nitrogenous materials of unknown 
nature in the diets, with the attending uncertainty of interpretation, as 
illustrated by the tyrosine and norleucine data, could now be avoided. 
In the experiments involving the other cleavage products of proteins, 
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pure threonine was used invariably. Consequently, the only nitrogen 
present as a contaminant was that carried by the vitamin B pills. 
This amounted to approximately 4 mgm. per day for each animal. Ob- 
viously, it will not be possible to exclude this nitrogen from the food 
until all of the water-soluble vitamins required by the rat are available 
in pure form. 

Reference has already been made to the numerous experiments re- 
corded in the literature concerning the relation of glycine to nutrition. 
Recently, the problem has been reinvestigated by McCoy and Rose 
(72), using mixtures of pure amino acids in place of proteins. At the 
same time, the effect of removing serine from the ration was deter- 
mined. Previous to our studies, no information was available regarding 
the réle of serine in growth. In the feeding trials, certain of the animals 
were deprived of glycine alone, others of serine alone, and still others of 
both glycine and serine. The growth curves demonstrated that the 
omission from the food of either or both of these amino acids exerts no 
significant effect upon the rates of gain of the rats. There can be no 
reasonable doubt, therefore, as to the dispensability of these two com- 
pounds in so far as growth is concerned. In like manner, alanine (46) 
and aspartic acid (37) have been shown to be dispensable constituents 
of the diet. 

As has already been intimated, the relation of cystine and methionine 
to growth was not established by the application of the older methods 
of attack. Despite the fact that for more than twenty years cystine 
has been regarded as an indispensable amino acid, its position as such 
became much less secure as a result of the work of Jackson and Block 
(55). Obviously, part of the cystine can be replaced by methionine; 
but previous to our investigations, available evidence did not indicate 
the extent to which the former could be replaced by the latter. Nor 
was it known whether the reverse substitution of cystine for methionine 
could occur in the organism. Hitherto, it has not been possible to re- 
move these amino acids quantitatively from the food. This has now 
been accomplished by the use of known mixtures of highly purified 
amino acids (Womack, Kemmerer, and Rose, 121). 

In order to insure the exclusion of all traces of cystine and methionine, 
each amino acid employed in the preparation of our mixture was re- 
crystallized at least three times after it was analytically pure and gave a 
negative Sullivan test. The cystine used as a supplement was recrystal- 
lized six times after correct analytical data had been obtained. The 
methionine was a synthetic product. An additional preraution of 
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great importance was the use of dl-leucine. Natural /-leucine may be 
contaminated with considerable amounts of methionine (79). 

The feeding trials showed that the inclusion of methionine in the 
food induced just as rapid growth as did the introduction of both cystine 
and methionine. Therefore, the latter is capable of completely replac- 
ing the former. On the other hand, the administration of cystine in 
the absence of methionine was practically without effect. The animals 
which received cystine continued to lose weight almost as rapidly as 
did litter-mate controls which were deprived of both amino acids. The 
data provide the first convincing proof for the tndispensability of methio- 
nine. They also show that cystine is not an essential component of the 
ration. In this connection the recent observations of Beach and White 
(9) are of interest. These authors report that methionine stimulates 
the growth of animals previously stunted by a diet in which arachin 
served as the protein, but that under like conditions cystine manifests 
no growth-promoting effect. 

The apparent discrepancy between our findings and those of others 
is accounted for by the fact that the low protein diets formerly employed 
in cystine investigations were not devoid of methionine. If one ad- 
ministers methionine at a level which permits maintenance or only 
slow growth, the addition of cystine markedly improves the quality of 
the food (125). Thus, cystine stimulates growth when methionine is 
furnished in sub-optimal quantities, but not when it is entirely excluded 
from the diet. These facts serve to emphasize the importance of knowing 
the exact composition of the ration before drawing positive deductions 
from the growth behavior of the animals. 

Valine has become an amino acid of unusual interest. Until recently 
no information was available concerning its importance in growth. 
For the past two years it has been the subject of investigation by Epp- 
stein and Rose (32). In view of its structural simplicity, one might be 
tempted to predict that it could be synthesized in the organism. This, 
however, is not the case. Animals deprived of valine experience a 
profound nutritive failure, with rapid decline in weight, loss of appetite, 
and eventual death. The most striking feature of this condition is the 
development in the subjects of strange symptoms which are unlike any 
we have encountered in other types of amino acid deficiencies. The 
rats become extremely sensitive to touch, and manifest a severe lack 
of coérdination in movement. They walk with a staggering gait. 
Frequently, they show a rotary motion not unlike that of a dog chasing 
his tail. This may be either clockwise or counter-clockwise, and may 
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continue until the animals fall to the floor of the cage from sheer ex- 
haustion. Whether the symptoms are associated with specific lesions 
of the nervous system has not yet been determined. As would be an- 
ticipated, the condition is readily cured by the administration of valine 
without any other alteration in the diet. Undoubtedly, valine is an 
essential amino acid. 

The conflicting opinions regarding the rdéle of proline, hydroxyproline, 
glutamic acid, hydroxyglutamic acid, and arginine, together with the 
possible interchangeability of these amino acids in metabolism, has 
already been discussed. The numerous feeding experiments with mix- 
tures of purified amino acids in which, as outlined above, excellent 
growth occurred without the presence of hydroxyglutamic acid, demon- 
strated that this compound is dispensable. Recently, the other amino 
acids of this group have been investigated in several series of experi- 
ments. It was first shown (74) that growth can actually occur when 
the prolines, glutamic acid, and arginine are excluded from the food. 
However, the rate of increase in weight of the animals was about three- 
fourths that of litter-mate controls which received these amino acids. 
Consequently, the supplementing action of each of the four compounds 
was tested separately (47). The differences, though not striking, ap- 
peared to point definitely to arginine as the amino acid responsible for 
the better gains in the preceding experiment. In confirmation of this, 
it was found that animals which received arginine as the sole supplement 
grew just as rapidly as did their litter mates upon diets carrying argi- 
nine, the prolines, and glutamic acid (16). Tests upon many litters have 
shown that rats deprived of arginine invariably gain only about 70 
to 80 per cent as much as controls which receive this amino acid. On 
the contrary, the exclusion of proline, hydroxyproline, and glutamic 
acid from the food is without effect upon growth. Hence, these three 
cleavage products of proteins are not essential dietary components. 

The findings with respect to arginine are not in conflict with the fact 
that this amino acid can be synthesized by the rat (Scull and Rose, 95). 
Indeed, the results of the earlier and the more recent investigations 
confirm each other in a very remarkable and unexpected fashion. If 
arginine could not be synthesized in vivo, animals deprived of it would 
necessarily lose in weight just as they do when they are denied access 
to any other dietary essential. The fact that growth occurs at all is 
additional proof, if such were needed, that the conclusions of Scull and 
Rose are correct. 

It is apparent from the above considerations that arginine occupies a 
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position which is intermediate between that of amino acids such as ly- 
sine, histidine, valine, ete., which seemingly cannot be synthesized in vivo 
at all, and that of the non-essential group, which can be produced in 
sufficient amounts to meet fully the requirements of growth. Further 
investigations may reveal other qucntit:tive differences in the syn- 
thetic powers of the organism. Indeed, it would not be surprising 
to find rather wide variations of this sort. Probably, the production 
of each amino acid represents a specific problem for the cells. Cer- 
tainly, there is no obvious reason for assuming that all of the dispen- 
sable acids can be manufactured with equal facility. Some may be 
formed just rapidly enough to meet the demands of growth; but it is 
equally possible that the synthesis of others may exceed the growth 
needs, and provide a surplus for other purposes (detoxication, reproduc- 
tion, etc.). Problems of this nature can be readily attacked by the use 
of diets containing mixtures of pure amino acids. 

The classification of arginine as dispensable or indispensable is dis- 
tinctly a matter of definition. As has already been seen, its presence 
in the food is not necessary for slow growth, but is essential for normal 
growth. For adult animals it may prove to be dispensable inasmuch as 
its synthesis may proceed at a rate equal to the requirements of main- 
tenance alone. At the present time, we define an indispensable dietary 
component as one which cannot be synthesized by the animal organism, 
out of the materials ordinarily available (ci. Cox and Rose, 25) at a speed 
commensurate with the demands for normal growth. Under this 
definition arginine must be classified as indispensable, although it alone 
of its group may be excluded from the food without occasioning a loss 
in weight. As additional information becomes available concerning 
the réle of the amino acids in other functions, such as reproduction and 
detoxication, redefinition of the term “indispensable” may become nec- 
essary. As currently used, it applies to growth only. 

The final classification of the amino acids with respect to their growth 
effects is summarized in table 1. 

As will be observed, only ten are indispensable. In arriving atthe 
above classification, the usual procedure was to omit one or two from 
the food at a time. It seemed not improbable, therefore, that a diet 
carrying only the ten essentials might fail to support growth inasmuch 
as the organism would be called upon to synthesize twelve cleavage 
products of proteins simultaneously. As a matter of fact, feeding trials 
with this simplified diet yielded results which exceeded our expectations 
(76). The animals gained in weight just as rapidly as when all of the 
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protein components were supplied preformed. This finding is all the 
more remarkable in view of the fact that the food contained only 11.2 
per cent of active amino acids. 

Summary. The use of diets containing mixtures of highly purified 
amino acids in place of proteins has not only led to the discovery and 
identification of the new growth essential, threonine, but has served as a 
relatively simple and thoroughly trustworthy method of determining 
the nutritive significance of the individual amino acids. By this pro- 
cedure, seven amino acids have been added to the list of indispensable 
dietary components. These, with tryptophane, lysine, and histidine, 
are the only cleavage products of proteins which are necessary for the 


TABLE 1 
Final classification of the amino acids with respect to their growth effects 
INDISPENSABLE DISPENSABLE 
Lysine Glycine 
Tryptophane Alanine 
Histidine Serine 
Phenylalanine Norleucine 
Leucine Aspartic acid 
Isoleucine Glutamic acid 
Threonine Hydroxyglutamic acid 
Methionine Proline 
Valine Hydroxyproline 
*Arginine Citrulline 
Tyrosine + 
Cystine 


* Arginine can be synthesized by the animal organism, but not at a sufficiently 
rapid rate to meet the demands of normal growth. 


normal growth of the rat. Twelve amino acids have been shown to be 
dispensable. The omission of any or all of these from the ration exerts 
no inhibitory action upon the growth processes. 

THE PHYSIOLOGICAL AVAILABILITY OF THE OPTICAL ISOMERS OF THE 
NATURAL AMINO Acips. Of the ten indispensable amino acids listed in 
table 1, five are either difficult to prepare from their natural sources, 
or may be obtained more readily in quantity by synthetic methods. 
These are valine, isoleucine, phenylalanine, lysine, and methionine. 
Furthermore, natural, [-leucine is ordinarily contaminated with iso- 
leucine and methionine, and cannot be used in nutrition studies where 
exact information concerning the composition of the diet is required. It 
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is generally customary, if a synthetic product is employed, to double the 
amount in order to insure the presence of the active isomer at the desired 
level. Thus, it becomes a matter of considerable practical importance 
to know whether the antipodes of the natural amino acids can be utilized 
for growth purposes. If they are available physiologically, the use of 
increased amounts of the racemic modifications is unnecessary. This 
is not a negligible consideration in view of the cost of such materials. 
But aside from the practical aspects of the question, the behavior in 
the organism of compounds differing from each other only in spatial 
configuration is of unusual theoretical interest. The literature records 
numerous illustrations of optically isomeric compounds which are un- 
like in their physiological or pharmacological action, or in the ease with 
which they are oxidized in the body. But the possibility of replacing 
indispensable amino acids by their enantiomorphs has not been ex- 
tensively investigated. 

Among the earlier studies of this nature was that of Berg and Pot- 
gieter (15), in which the authors compared the growth-stimulating 
action of l- and dl-tryptophane. By the use of acid-hydrolyzed casein, 
supplemented with varying proportions of the two products, the con- 
clusion was reached ‘“‘that dl-tryptophane possessed nearly, if not quite 
the same ability to supplement a. tryptophane-deficient basal diet for 
the purpose of growth as does the naturally occurring levo form.” 
Shortly thereafter, du Vigneaud, Sealock and Van Etten (112) tested 
the action of d- and [-tryptophane, and found that the two isomers are 
equally effective in promoting growth. This was confirmed in a sub- 
sequent paper by Berg (12). 

Jackson and Block (56) observed that both d- and /-methionine stimu- 
late the growth of rats on a diet deficient in cystine and methionine. 
Similar data have been obtained for d- and [-histidine. Cox and Berg 
(23) report that d-histidine is capable of supporting the growth of 
animals on a histidine-deficient ration. Hydrolyzed casein, from which 
most of the [-histidine had been precipitated, served as the source of 
nitrogen. In contrast to the behavior of the isomeric forms of trypto- 
phane, d-histidine appears to be somewhat less efficient than is the nat- 
ural [- modification. Recently, Conrad and Berg (22) have demon- 
strated the in vivo transformation of d-histidine into the /- form. For 
this purpose, rats were placed upon a diet containing the unnatural 
isomer. At the end of the growth period the animals were killed and 
hydrolyzed. The histidine of the tissues was isolated, purified, and 
converted into its methyl ester dihydrochloride. The latter derivative 
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was chosen inasmuch as it has a relatively high specific rotation. Op- 
tical tests showed that the histidine recovered from the tissues was the 
natural /- formonly. These results constitute the first clear-cut demon- 
stration of the inversion of an amino acid for growth purposes by the 
animal organism. 

The physiological behavior of /-lysine is quite different from that of 
the unnatural forms of tryptophane, methionine, and histidine. In 
1924, McGinty, Lewis and Marvel (73) called attention to the fact that 
in a single experiment dl-lysine did not prove to be so satisfactory a 
supplement for a gliadin diet as was an equal amount of natural d-lysine. 
This observation was confirmed by Berg and Dalton (14) in more ex- 
tensive studies. Recently, Berg (13) has resolved dl-lysine, and com- 
pared the action of the two isomers. The experiments demonstrated 
that /-lysine is entirely incapable of replacing d-lysine for growth pur- 
poses. 

During the past two years, a number of experiments of this nature 
have been completed in this laboratory. As is our practice, the diets 
contained mixtures of amino acids in place of proteins. This method 
has the advantage of excluding the presence of all traces of the com- 
pounds under investigation, and to this extent is less likely to lead to 
erroneous conclusions. Womack and Rose (126) have completely 
confirmed the conclusion of Jackson and Block that d- and /-methionine 
are essentially interchangeable for growth purposes. Furthermore, 
Hiatt and Rose (51) have verified the observation of Berg that /-lysine 
cannot replace d-lysine. In addition, it has been shown that the natured, 
forms only of valine (33), leucine (38), and isoleucine (10) are effective. 
Moreover, both d- and /-alloisoleucine (52) are completely incapable of 
replacing d-isoleucine. West and Carter (116) have demonstrated that 
l-threonine and the two allothreonines are unable to support the growth 
of animals deprived of natural d-threonine. On the other hand, d- 
phenylalanine is almost, if not quite, as effective as is /-phenylalanine 
(127). The above facts are summarized in table 2. Of the antipodes 
of the indispensable amino acids only that of d-arginine remains to be 
tested. 

No satisfactory explanation is at hand to accovat for the fact that 
both optically isomeric forms of certain amino acids are utilized for 
growth, while only the natural modifications of others are available. 
A number of investigators have suggested that when an inversion takes 
place in the animal body the unnatural isomer undergoes oxidative 
deamination, and the resulting a-keto acid is asymmetrically trans- 
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formed into the natural acid. That a-keto acids can be converted into 
the corresponding a-amino acids has been thoroughly established. 
Therefore, if the postulated mechanism of inversion is correct, the failure 
of certain unnatural amino acids to support growth must be due to the 
fact that they are not readily deaminized. In this connection it is 
interesting to note that a-keto-y-methylvaleric acid (11) and a-keto- 
B-methylvaleric acid (48) induce excellent growth in animals deprived 
of l-leucine and d-isoleucine, respectively. We are not convinced, 
however, that the above theory will suffice to explain all of the facts 
concerning the behavior of the unnatural enantiomorphs. In any 
event, interesting problems for future investigation are suggested by 
the experimental data already obtained. 

Summary. Of the ten indispensable amino acids, [-tryptophane, 
l-histidine, /-phenylalanine, and /-methionine can be replaced for growth 


TABLE 2 
Nutritive value of the optical isomers of the indispensable amino acids 
ONLY NATURAL ISOMER PROMOTES GROWTH BOTH ISOMERS PROMOTE GROWTH 
Valine Tryptophane 
Leucine *Histidine 
Isoleucine Phenylalanine 
Lysine Methionine 
Threonine 


The unnatural form of arginine has not been tested. 
* d-Histidine appears to be somewhat less efficient than I-histidine. 


purposes by their antipodes. On the contrary, only the natural forms 
of valine, leucine, isoleucine, lysine, and threonine are available for the 
uses of the growing organism. The possible substitution of l-arginine 
for d- arginine has not been investigated. 
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